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Cover: A dryland ephemeral river (Hara) with view of the headwater and the graben bottom. 
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Rivers are the most important components of a landscape in drylands. One can understand dryland 
natural environments only if he understands the processes and forms of their rivers (Graf, 1988).  
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Chapter 1 General Introduction 
1.1 Problem statement 
Rivers are among the most important components of the environment which concern human 
activities (Graf, 1988; Knighton, 1998). They provide multiple benefits that respond to human 
interests. They serve as sources of water supply for drinking and agriculture, power generation, 
navigation, recreation, aesthetics, micro-climate regulation, and environmental protection. 
They are also potential sources of threats to humans. They become threats through floods (on 
human made or natural environments), pollution, and erosion (Knighton, 1998). Rivers are also 
among the most dynamic features of the environment. They change their morphology in space 
and time. Their channel morphology downstream is affected by both hydraulic, geologic and 
geomorphic controls some of which are fixed local controls (bedrock resistant alluvium, 
tributaries, and tectonic features), and others are variable local controls (floods that vary in 
volumes and time, and river channel vegetation changes) (Schumm, 2005). 
 
Ephemeral rivers are among the most dominant geomorphic features in dryland environment 
(Billi, 2016) characterized by their erratic flash floods and morphodynamics (Baker, 1977; 
Friedman and Lee, 2002; Billi, 2007; 2011; Billi et al., 2015). Though ephemeral streams are 
very important, most studies focused on perennial streams due to their greater economic 
importance (Belmonte and Beltrán, 2001). On top of that, due to absence of sufficient studies, 
it has been difficult to understand whether dryland ephemeral steams should be considered 
morphologically different from other rivers in temperate areas (Powell, 2009). 
 
The marginal grabens in the northern branch of the Ethiopian Rift Valley are typical semi-arid 
depositional basins onto which several ephemeral rivers draining the graben shoulders transfer 
large quantities of sediment through the main river stems and wide distributary systems. As 
depositional basins characterized by flash floods and dynamic rivers (in terms of morphology) 
draining into it, there are social and environmental problems that prevail. Due to flooding, the 
destruction of settlement areas (villages and towns) and farmland are frequent. Besides, the 
conversion of cropland into sandy flood plains, active channels, and shrubland are common 
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situations leading to parafluvial and orthofluvial belts along rivers (Lorang and Hauer, 2006). 
The parafluvial landforms consist of areas of the floodplain that is frequently flooded at near 
bank full stage and are dominated by scour, erosion and bedload deposition, whereas the 
orthofluvial landforms are characterized by plant succession (e.g., grasses and shrubs) and are 
inundated by annual flood events.  
 
In northern Ethiopian highlands, land degradation occurs driven by deforestation and soil 
erosion (Aerts et al, 2006; Nyssen et al, 2008; Frankl et al., 2013). This problem is attributed to 
progressive increase in population pressure and changes in land use for the sake of increasing 
food production in subsistence farming systems which is aggravated by climate change 
(Deressa and Hassan, 2009; Lanckriet et al., 2015). The overall productivity of such areas is 
often perceived to be so dramatically damaged by human over exploitation that recovery is 
deemed impossible. As land resources have been pushed to their limits, ruptures in the fragile 
ecosystem equilibrium contributed to disasters, such as the 1984 famine. Since then, however, 
widespread efforts have been made to mitigate desertification, using physical conservation and 
vegetation rehabilitation of degraded areas (Nyssen et al., 2014). 
  
The recent effort to face land degradation and poverty in Ethiopia focuses on a new economic 
development strategy, namely, Agricultural Development Led Industrialization (ADLI) 
(Gebreselassie, 2006). This strategic policy gives priority to the development of agricultural 
activities geared towards increasing productivity; ultimately with the intention to ensure 
sustainable economic development. It has also given priority to land resource conservation and 
rehabilitation. Given the degradation severity, particularly in the northern highlands of 
Ethiopia, no other options were left except introducing land rehabilitation practices (Nyssen et 
al., 2009a). Hence, concerted efforts have been made to rehabilitate the degraded environment. 
These measures include physical measures such as terraces, walls, gabions, exclosures and 
biological measures which include both exotic and local species (Descheemaeker et al, 2008). 
  
Albeit land degradation affects ephemeral river morphodynamics (Seeley et al., 2003; Frankl 
et al., 2011) there is little research that dealt with land degradation, rehabilitation and 
sedimentation. A few of them dealt with sediment deposition and yield related in one or another 
way to the rehabilitation activities under practice and stream morphological changes 
(Descheemaeker et al., 2006; Nyssen et al., 2008, 2009b; Frankl et al., 2011, 2013). Other 
studies, such as Tesfaalem et al. (2015, 2016) focused on mountain streams and land use and 
cover changes in the escarpments. Most of these studies, however, focused on the highland 
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stream channel morphodynamics. In the marginal graben bottom and pertaining the ephemeral 
streams, there are some studies carried out by Billi (2007, 2008, 2011, 2016) which investigated 
stream flow, channel morphology and sedimentation (dynamics, transport). Worldwide there 
are many other researches related to ephemeral streams (e.g., Billi and Tacconi, 1985; 
Dunkerley, 1992; Laronne and Reid, 1993; Tooth, 2000, 2005) but data about the relationship 
between headwater, the morphological changes downstream and their subsequent relationship 
between the distributary systems and landscape changes are scarce. Hence, the overall research 
question of this study is “what is the morphological interaction of ephemeral rivers 
characterized by a contrasting environment between their upper catchments and the landscape 
in the graben bottom in drylands?”. This study has answered the broader question in the five 
chapters of this thesis. 
 
From a regional point of view, this research is one step forward to solve data scarcity related to 
ephemeral rivers (their morphological behavior, their interaction with their headwaters and their 
implication for land use/cover) in dryalnd areas where data availability for researches and 
decision making is a challenge. Similarly, the research has a broad contribution to scientific 
knowledge in terms of providing new findings related ephemeral rivers morphodynamics in 
semi-endorheic graben system with a contrasted topography (the steep escarpment and the more 
gentle graben bottom) in drylands. The morphodynamics of ephemeral rivers (their length, 
width, area they occupy in a graben bottom) in relation to their headwaters were not well 
understood. Similarly, there were gaps in knowledge regarding the paradox of thick sediment 
depositions under bridges. Moreover, the interaction of ephemeral river distributary systems 
with land units in a graben landscape was not well understood. This research gives new 
knowledge on diverse aspects of ephemeral rivers in a graben bottom and their catchment 
characteristic in escarpments. These include: (i) the impact of climate variability on land cover 
changes in dryland escarpments, (ii) ephemeral river length and area in a graben bottom in 
relation to bio-physical (e.g., vegetation cover, catchment area, slope gradient) characteristics 
of their head waters,(iii) the relation between peak floods and channel width change and the 
role of riparian vegetation to bank resistance, (iv) the role of bridge narrowing on thick 
sedimentations at bridge reaches in a graben bottom, and (v) the role of ephemeral river 
distributary systems to land unit changes in a landscape in a graben bottom. 
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1.2 Objectives 
This study investigates the interactions between ephemeral stream morphodynamics, rainfall 
variability and land cover change in the northern marginal grabens of the Ethiopian Rift Valley. 
The overall aim of the study was to (1) investigate the link between rainfall variability and land 
cover change in the headwater, (2) analyse sedimentation rates and changes in the morphology 
of ephemeral streams in graben bottoms, and (3) investigate landscape changes in graben 
bottoms linked to changes in river morphology. As part of the aforementioned aims, main and 
specific objectives are classified below. 
 
The first aim focuses on the following objectives: 
(i) Investigate the impact of climate variability on land cover changes in the headwater. 
Therefore, the specific objectives were to: 
 analyse land cover change and rainfall variability between 2000 and 
2014; 
 analyse the link between rainfall variability and land cover change 
between 2000 and 2014. 
 
The second aim includes the following objectives : 
(i) Investigate the factors that control the morphology of rives in graben bottoms. The 
specific objectives were to: 
 quantify the bio-physical factors in the headwater catchments of the western 
escarpments; 
 analyze the morphological changes for the last three decades (1986 – 2010) 
in the graben bottom. 
(ii) Investigate the excessive sedimentation in river channels in graben bottoms. The 
specific objectives were to: 
 analyze the temporal variability of bio-physical and hydro-climatic 
characteristics of upper catchments that would potentially control sediment 
supply in the graben bottom; 
 investigate the effect of bridges on the local hydro-geomorphic conditions 
and the excess sedimentation at bridge reaches. 
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(iii) Investigate the effects of floods on river channel morphodynamics in graben 
bottoms. The specific objectives were to: 
 investigate the changes in channel geometry (particularly width) and the 
relation with flash flood characteristics in a short (2013-2014) and decadal 
scales (1965 – 2014); 
 investigate the role of riparian vegetation to protect bank erosion related to 
flash floods. 
 
Finally, the third aim :  
(i) Investigate the relation between stream distributary system and landscape change in 
graben bottoms. The specific objectives were to: 
 quantify and analyze the land cover in the graben bottom related to river 
distributary systems for the last five decades; 
 detect and characterize the random and/or systematic types of transitions 
among landscape classes. 
1.3 Study area and data availability 
The Raya graben is selected as a case study among the marginal grabens of the Ethiopian Rift 
Valley based on its size and presence of a number of ephemeral rivers in a contrasting 
environment, steep escarpments and flat graben bottom. The Raya graben is a 3600 km2 semi-
closed marginal basin along the northern branch of Ethiopian Rift Valley. It has an almost 
rectangular shape stretching in a south-north direction and it is located between 12° - 13°N and 
39.5°- 39.8°E (Fig. 1.1). The highest mountains in the west close to the graben cumulate at 
4284 m a.s.l., whereas the eastern horst is characterized by lower elevation (with the maximum 
at 2335 m a.s.l). The structural origin of the graben is associated with a rifting system of the 
area surrounded by a series of faults that separate it from the high plateaus in the west and the 
Ethiopian Rift Valley in the east (Billi, 2007). The Ashenge Basalts (basalt flows with scarce 
tuffs) with the Amba Alaje Rhyolites (the highest peak) extensively outcrop in the western 
escarpment of the graben (Merla et al., 1979; Billi, 2007). The graben floor lies at 1400 and 
1500 m a.s.l. The escarpments are composed of Tertiary volcanics (mainly basalts of the trap 
series), whereas the graben floor is predominantly filled with Quaternary alluvial deposits 
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(KAADP, 1976; Panagos et al, 2011) and punctuated by a few, small rhyolite and trachyte plug 
hills (Merla et al., 1979; Billi, 2007). 
 
 
Figure 1.1 Study area map: the western escarpment considered for chapter 2, 3 and 4; two 
catchments encompassed by the box at the middle of the study area for chapter 5; and one 
catchment encompassed by the box in the southern part of the study area for chapter 6. For more 
details of the study sites, refer the study area map and description in the respective chapters. 
 
The study area has few meteorological stations located sparsely along the graben bottom and 
the escarpment. Few of them, namely, Alamata (1979-2011, 20 years), Korem (1994-2011, 18 
years of data), and Maychew (1977-2011, 26 years) have relatively continuous records of longer 
periods. There were rain gages installed in the study area by the Ghent University both in the 
escarpments (western and eastern) and the graben bottom. In total, 22 additional rain gages 
were installed out of which 15 were installed in 2011 in the western escarpment and the 
remaining 7 were installed in 2012, two in the western escarpment, three in the graben bottom, 
and two in the eastern escarpment. 
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The study used remote sensing data at various spatio-temporal scales (Fig. 1.2). Low to medium 
resolution satellite imageries were freely available that allow to make studies at larger area 
coverage since 1970s. For example, Landsat imageries that were available since 1986 at 30  m 
resolution were used for historical land cover analysis. The satellite-derived NOAA’s Rainfall 
Estimates (RFEs) were also used for historical precipitation analysis between 2000 and 2014. 
 
Aerial photographs of 1965 (captured on 24 Oct) and 1986 (captured between 13 – 15 Nov) 
were available at 1.5 m resolution from the Ethiopian Mapping Authority (EMA) which allow 
to make analyses of smaller areas. As complements for historical analysis, high resolution 
satellite imageries available in Google Earth were also used.  
 
The use of topographical maps was also important for catchment delineation and extraction of 
some features. Hence, the topographical maps at the scale of 1:50000 (which were developed 
based on the 1986 aerial photographs) were used. 
 
 
Figure 1.2 Remote sensing data used at different spatio-temporal scale in this thesis  
 
Detail of the study area and materials are presented in the next chapters of this thesis. 
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1.4 Thesis organization 
This thesis consists of three parts (Fig. 1.3) and each part has chapters that are parallel to the 
objectives; each chapter (chapters 2 – 6) in the thesis has a one-to-one relation to an 
objectiveThe first part deals with climate variability and land cover change focusing only on 
the headwater of the ephemeral rivers being the western escarpment. Chapter two presents the 
link between rainfall variability and land cover change between 2000 and 2014 in the 
headwaters of the ephemeral rivers at both long and short temporal spans. 
 
The second part mainly focuses on the river morphodynamics and sedimentation in the graben 
bottom. It deals with the link between bio-physical controls and floods on the one hand, and 
sedimentation and river morphodynamics on the other. Chapter three focuses on the bio-
physical controls of stream channel behavior in the graben floor. It looks into the changes in 
length and area occupied by the ephemeral streams in the graben bottom and the most important 
controlling factors in the upper catchments. Chapter four is about sediment deposition at 
bridges. It looks at excess sediment deposition at bridges in the graben bottom and their 
implication to bridge span clogging and flood hazards. It also presents the impacts of bridge 
narrowing on the local hydraulics and sediment characteristics at bridge and upstream reaches. 
Chapter five presents how peak discharges bring about stream channel change (widening and 
narrowing) in a short time scale. It also presents the channel width changes at decadal scales. 
 
The third part investigates what happens in the graben bottom landscape as a result of the 
morphodynamics of the rivers.  Hence, in chapter six, it looks into the spatio-temporal changes 
in landscape that take place due to the morphodynamics related to the distributary systems of 
the rivers for the last five decades. 
 
Finally, the thesis closes with summaries and conclusions in chapter seven. This chapter 
provides summaries of the key findings, concluding remarks, future research prospects which 
were out of scope of this study, and suggestions to decision maker related to river management.  
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Abstract 
Magnitudes of land cover changes nowadays can be assessed properly, but their controlling 
factors are subject to many discussions. Next to the accepted role of human influence, the 
impact of rainfall variability is often neglected. In this paper, the impact of rainfall variability 
on land cover changes (LCC) is investigated for the western escarpment of the Raya graben 
along the northern Ethiopian Rift Valley. First, LCC between 2000 and 2014 were analysed at 
specific time steps using Landsat imagery. Based on the obtained LCC maps, the link was set 
with rainfall variability, obtained by means of the satellite-derived Rainfall Estimates (RFEs) 
from NOAA-CPC. After a correction by the incorporation of local meteorological station data, 
these estimates prove to be good estimators for the actual amount of precipitation (R2 = 0.72, p 
< 0.001). By performing several bivariate correlation analyses, a weak negative relationship 
was found between the precipitation parameter Pdiff (i.e. the at-RFE pixel-scale difference in 
five-year average annual precipitation for the two periods preceding the land cover maps) and 
deforestation (R2 = 0.40, p < 0.001) and conversion to grassland (R2 = 0.25, p < 0.001). There 
was a weak positive correlation between Pdiff and conversion to farmland (R2 = 0.36, p < 0.001) 
which implies that during dry seasons, there is abandonment of farmlands which in turn increase 
vegetation cover. Despite the dominance of direct human impact, further re-greening of the 
study area can be expected for the future concomitantly to a wetter climate, if all other factors 
remain constant. 
Key terms: Land cover classification, Landsat, Rainfall Estimates, remote sensing, woody 
vegetation, northern Ethiopia 
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2.1 Introduction 
Although many land cover change (LCC) studies are carried out worldwide, the interpretation 
of these changes in terms of climate variability or anthropogenic impact remains a very complex 
issue (Reid et al., 2000; Vanacker et al., 2005). The importance of climate variability as a 
possible explanatory variable for LCC has often been neglected (Lambin and Geist, 2008; Liu 
et al., 2008). The understanding of the relationship between LCC and climate variability, 
however, can be of utmost importance to predict possible future LCC, related to the globally 
changing climate. For eastern Africa for example, the IPCC projects precipitation changes 
between -7 and + 21% by the end of the century (Christensen et al., 2013). Since soil water 
availability (and concomitant nutrient availability) is the key regulating factor for vegetation 
growth (Vanacker et al., 2005), it is assumed that changes in precipitation will have an impact 
on LCC, especially where semi-natural vegetation occurs (Lambin and Geist, 2007). In turn, 
vegetation cover strongly impacts runoff, water availability (for irrigation) and water quality 
(Descheemaeker et al., 2006a; Muys et al., 2014; Tesfaalem et al., 2015), which consequently 
impacts people's livelihood. Hence, there is a need to assess the impact of climate variability 
on LCC. 
 
In northern Ethiopia, human population is concentrated in the highlands due to a more 
favourable climate as compared to the surrounding lowlands. Roughly 4000 years ago, great 
LCC started parallel with the onset of pastoralism and agriculture (Lanckriet et al., 2015b). 
High population and livestock densities have resulted in a high food demand and subsequently 
in a high pressure on the natural environment (Burgess et al., 2007). This resulted in severe land 
degradation, deforestation and soil erosion, especially during the past few centuries. Recent 
observations, however, suggest a possible turnaround as local increases in the semi-natural 
vegetation are being reported (Nyssen et al., 2009a; Meire et al., 2013; de Mûelenaere et al., 
2014; Nyssen et al., 2014). 
 
Due to the establishment of many exclosures in northern Ethiopia in the mid-1980s 
(Descheemaeker et al., 2006a; Tesfaalem et al., 2015), human impact may have decreased 
locally in the study area, despite of the high demographic pressure. These exclosures were 
established mainly on steep slopes, in order to restore degraded soils and vegetation. They are 
joint initiatives of local communities and governmental and non-governmental organisations 
(Descheemaeker et al., 2006a). The Bureau of Agricultural & Rural Development and local 
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authorities choose the areas to be closed. Within exclosures, grazing and other agricultural 
activities are not allowed. Because exclosures are not fenced, guards are hired by the local 
administration (Mekuria, 2013). This allows us to assume that this may increase the potential 
impact of climate variability on vegetation cover, as the vegetation growth is returned to nature. 
In other words, though it is difficult to disentangle human impact and rainfall variability on 
LCC, the fact that exclosures are established and that vegetation growth is returned to nature 
gives basis to see the impact of rainfall variability on LCC  
 
In this chapter, we investigate the (magnitude of the) impact of rainfall variability on LCC, next 
to the generally accepted dominant anthropogenic impact (Nyssen et al., 2014). In particular 
we investigate the link between rainfall variability and LCC between 2000 and 2014, for a study 
area with a relatively large share of semi-natural vegetation in northern Ethiopia. Hence, the 
broader scienctific essence of the study is to investigate the impact of rainfall variability on land 
cover change in dryland escarpments where human impacts are dominant determinants of land 
cover changes and where rainfall is thought to be highly variable. To achieve this, the LCC are 
examined by means of Landsat imagery, while rainfall variability is examined by means of the 
satellite-derived rainfall estimates of NOAA-CPC. 
2.2 Materials and Methods 
2.2.1 The study area 
The study area of this research is located in northern Ethiopia at the transition of the Ethiopian 
Highlands and the Afar Depression (11°55' - 12°55' N; 39°23' E - 39°40' E) (Fig. 2.1). The area 
consists of the western escarpment of the Raya Graben, a structural marginal graben of the 
Ethiopian Rift Valley. The upper boundary of the area is the main water divide that separates 
the Rift Valley basin (in the east) from the Tekeze (northwest) and Blue Nile (southwest) basins. 
The lower boundary is the break of slope between the steep escarpment and the alluvial fill of 
the graben floor, which is situated at approximately 1500 m a.s.l. The highest peaks of the 
escarpment reach 4000 m a.s.l. The study area comprises 1660 km² land area and mainly 
consists of strongly weathered mildly alkaline basalts, rhyolites and tuffs (Merla et al., 1979), 
commonly injected by sills and dykes (Hussien, 2011). The distribution of soil types on the 
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escarpment is strongly linked to the geomorphic processes of erosion and accumulation, caused 
by the prevailing topography (Tegene, 2000). Differences in topography typically lead to a 
sequential change in infiltration, surface runoff and hence transport of materials (Nyssen et al., 
2008). Based on field observations and literature (Tegene, 1997; Nyssen et al. 2008), the main 
soil types were characterised as Andosols, Leptosols, Phaeozems, Regosols, Cambisols and 
Vertisols. 
 
The study area entails great climatic differences within its boundaries. According to the 
Köppen-Geiger climate classification, the climate in the north of the study area is a tropical 
savannah climate (Aw-climate), while the climate in the south is humid subtropical (Cwa-
climate) (Peel et al., 2007). There is a bimodal rainfall pattern with the movement of the Inter-
Tropical Convergence Zone (ITCZ) as main driving force. From March to May, the ITCZ 
migrates from its southernmost position towards the north. The convergence of humid 
equatorial air and colder extra tropical air hereby triggers rainfall (the small rainy or 'belg' 
season). From June to September the ITCZ reaches its northernmost position (16 to 20 °N) and 
is responsible for daily intense rains in Ethiopia (the main rainy or 'kiremt' season) (Conway, 
2000; Nyssen et al., 2005; Segele et al., 2009). Hereafter, the ITCZ quickly returns to the south, 
preventing the arrival of new monsoons. In addition to seasonal variability, local effects of 
orographic rainfall are of great importance (Olaka et al., 2010). There also is great inter-annual 
rainfall variability, linkable to variations in the El Niño Southern Oscillation and the Indian 
Ocean Sea Surface Temperature  (Quinn, 1992; Seleshi et al., 1995; Wolde-georgis, 1997; 
Nicholson, 1996; Abtew et al., 2009; Lanckriet et al., 2015a). Despite the 1980s were dry and 
the 1990s were rather humid, there is no evidence for a long-term trend of change in the region's 
annual rain regime (Conway, 2000; Nyssen et al., 2005). Within the study area, we observe a 
clear north-south and east-west gradient in precipitation, mainly linked to differences in 
geographical position (latitude) and altitude (Conway, 2000; Hussien, 2011). 
 
Unlike the open fields in the central and western parts of the northern Ethiopian plateau, woody 
vegetation still is a dominant feature at the eastern escarpment, probably due to the marginal 
and thus less favourable conditions of the area (Berakhi et al., 1998). This makes the area a 
suitable case for studying the impact of rainfall variability on LCC. 
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Figure 2.1 Location of the study area, the meteorological stations and the Rainfall Estimate 
pixels (approximately 64 km²/pixel) used for analysis (Data sources: Digital Globe Imagery, 
www.srtm.csi.cgiar.org, www.ethiomet.gov.et/) 
2.2.2 Ground truthing for validating land cover classification 
In July and August 2014, an intensive field campaign was carried out on the western escarpment 
of the Raya graben. The main goal of the fieldwork was to collect ground control points (GCPs) 
to perform a supervised land cover classification using Landsat images of four different years. 
During 35 transect walks along the escarpment, we sought homogeneous areas of (i) forest, (ii) 
bushland, (iii) Eucalyptus plantation, (iv) grassland, (v) modernised village, (vi) bare ground, 
(vii) farmland (rainfed, one crop cycle), (viii) farmland (rainfed, two crop cycles), and (ix) 
wetland in order to obtain adequate training sites. Given the 30-m pixel size of the satellite 
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imagery, training sites had a size of at least 100 m x 100 m. The spectral signature of the exotic 
Eucalyptus trees differs from that of the other woody vegetation (WV) mainly due to the 
vertically hanging leaves causing canopies to appear as semi-transparent (Goodwin et al. 2005) 
and hence is mapped as an independent class. Cultivated lands are subdivided according to their 
cropping patterns (one or two crops yearly - Frankl et al., 2013), as differences in phenology 
and/or soil moisture can be observed on the Landsat images acquired during the dry season. To 
unambiguously take GCPs for the land cover classes, fixed definitions of all classes were 
drafted prior to the field campaign (Table 2.1). The GCPs were taken through the entire western 
escarpment, at different altitudes and slope gradients to make the GCPs representative for the 
entire study area. In total, we took 500 GCPs, with at least 30 GCPs for each land cover class. 
At each training site, we obtained information about past LCC from local key informants in 
order to have as much stable GCPs through time as possible. 
 
Table 2.1 Definitions of the land cover classes for the land cover classification (after de 
Mûelenaere, 2014; Frankl et al., 2013; White, 1983) 
Class Class description 
Modernised village Mix of houses, roads, paths, gardens and trees; where more than 50% of the 
houses has an iron roof  
Farmland (rainfed, one crop 
cycle) - Farmland 1 
Rainfed cropping system with a duration of 4 to 9 months, with cultivation 
of barley (Hordeum vulgare), wheat (Triticum aestivum), tef (Eragrostis 
tef), sorghum (Sorghum bicolor), maize (Zea mays) or lentil (Lens 
culinaris) between March and July 
Farmland (rainfed, two crop 
cycles) - Farmland 2 
Rainfed cropping system with a duration of about 10 months, with generally 
sowing of barley (Hordeum vulgare) or wheat (Triticum aestivum) in 
January/February and horse bean (Vicia faba) or field pea (Pisum sativum) 
in July/August 
Forest Closed stands of trees (> 8 m) and bushes (3-7 m) with a canopy cover of 
40 % or more and a dense undergrowth of shrubs (< 3 m), herbs and grasses 
Bushland Mix of open stands of woody vegetation (trees, bushes and/or shrubs) with 
a canopy cover of 20 - 40 % 
Eucalyptus plantation Plantation of Eucalyptus trees with a canopy cover of 40 % or more * 
Grassland Open space (no woody vegetation) covered for 90 % or more with herbs 
and grasses 
Bare ground Open space (no woody vegetation) with less than 10 % herbs and grasses 
Wetland  Land area permanently saturated with water 
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2.2.3 Image pre-processing 
To investigate LCC between 2000 and 2014, cloud-free Landsat images of 2000, 2005, 2010 
and 2014 were obtained freely from United States Geological Survey (USGS). All images were 
taken in November or December (dry season) so that the phonological stage of vegetation does 
not differ too much from one image to the next. The beginning of the dry season is considered 
as the best period for analysis, as the contrast between croplands and the natural environments 
is best marked then (Ruelland et al., 2011; Srivastava et al., 2012). The images were acquired 
by three different sensors (TM, ETM+, OLI TIRS), and thus have their own spectral and 
radiometric resolution (see Appendix A1, Table A1-1 for more detail). The Landsat images 
therefore were corrected geometrically, radiometrically and topographically prior to analysis.  
 
The Landsat images were radiometrically, atmospherically and topographically corrected 
(Zhang & Li, 2011; Mahiny & Turner, 2007; Liang et al., 2001; de Mûelenaere et al., 2014). 
The geometric correction was applied by the provider (USGS) with an accuracy < 0.2 pixel. 
For haze corrections of the point spread method (Che-Yen & Chien-Hsiung, 2002) with 3 by 3 
kernel method was applied because the haze effect is very low in the imagery.  
 
The TM and ETM were atmospherically corrected using the Cosine Theta (COST) model 
(Chavez, 1996). The atmospheric correction converts the initial raw unit less Digital Numbers 
into meaningful surface reflectance values and allows to compare images from different sensors 
(Eastman 2003). The model has two steps. The first step is used to convert the DN values 
(binary data) to radiance at satellite level: 
L = Gain x DN + Bias           (2.1) 
where L = spectral radiance measured over spectral bandwidth of a channel, DN = digital 
number value recorded, Gain = (Lmax - Lmin)/255, Bias = Lmin, Lmax = radiance measured at 
detector saturation in m W cm-2 ae-1, and Lmin = lowest radiance measured by the detector in m 
W cm-2 ae-1 
In a second step, the radiance values were converted to real reflectance value: 
஡	ୀ	
ಘౚమ	ై
ుబ	ిో౏ಐ౩
            (2.2) 
where, ρ = reflectance as a function of bandwidth, d = earth-sun distance correction, L = spectral 
radiance measured over spectral bandwidth of a channel, E0 = exoatmospheric irradiance, and 
θs = solar zenith angle. 
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As the study area is very mountainous, ) topographic correction was performed based on the 
Lambertian reflectance model, Cosine Correction (Smith et al., 1980; Colby, 1991; Meyer et 
al., 1993; Karathanassi et al., 2000; Richter et al., 2009; Füreder, 2010) using:  
LH = LT cosθs / cos i                   (2.3) 
where LH=reflectance of a horizontal surface, LT=reflectance of an inclined surface, θs  is the 
sun’s zenith angle, and i is the incidence angle. 
The incidence angle was determined using the following formula: 
cosi = cosθs Cos α + sinθs sinα cos (ϕs - ϕα)        (2.4) 
where θs  is the sun’s zenith angle, α is the terrain’s slope angle, ϕs is the sun’s azimuth angle, 
ϕα is the terrain’s aspect angle. For topographic corrections, the Aster DEM with 30 m 
resolution was used. The corrected recent (2014) OLI TIRS was obtained from the provider. 
2.2.4 Mapping land cover change 
After all the necessary image pre-processing activities are performed, all images were classified 
by computer-assisted interpretation, based on the spectral characteristics of the training pixels 
derived from the GCPs (Eastman, 2003). The classification was supported by ensuring high 
spectral separabilty based on the calculation of Transformed Divergence values (Gong and 
Howarth, 1989; Chen and Stow, 2002) (Appendix A2). The maximum likelihood classifier 
(MLC) was applied because this classifier generates very accurate results when working with 
Landsat images (Dewidar, 2004). Based on the statistical distance between the class mean 
vectors and their covariance matrices, each pixel was assigned to a class with a certain 
probability (Ahmad, 2012). To classify the 'historical' TM and ETM+ images, the classification 
procedure was somewhat different as no direct ground truth was available. Hence, the image 
differencing technique was applied (Eastman, 2003). In this procedure, based on the per-band 
subtraction of the historical images from the 2014 image and a threshold value of 1.5 around 
the mean value (Rogan et al., 2002), we created a binary map to determine stable (unchanged) 
zones through time. Training areas falling within the unchanged zone are re-used to classify the 
historical images. 
 
At last, we derived change matrices and change maps for the three intervening periods. In this 
way, the directions, magnitudes and spatial patterns of the changes are examined and then 
linked up with rainfall variability.  
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To assess accuracies of the classification results, we calculated user's and producer's accuracies, 
overall accuracies and Kappa statistics (to exclude chance agreement), based on error matrices 
(Congalton and Mead, 1983; Story and Congalton, 1986). The Kappa statistics yielded values 
of 0.89 (2014), 0.85 (2010), 0.88 (2005) and 0.95 (2000) (Annys et al., 2016).  
2.2.5 Mapping of rainfall variability 
We assessed the spatio-temporal (spatial, in the sense that they are mapped spatially) rainfall 
variability using the satellite-derived Rainfall Estimates (RFE) from the National Oceanic and 
Atmospheric Administration Climate Prediction Centre (NOAA-CPC). For rainfall variability 
we refer to the variability of the annual rainfall averaged over five-year time periods. 
Meteorological station (MS) data alone are insufficient due to the sparse distribution of stations, 
the lack of continuous long-term series and the lack of very recent data. We chose the RFEs 
because of their relatively high spatial resolution (0.1° or approximately 8 km) and their 
historical (free) availability since 1995 for areas lying between 20°W 40°S and 55°E 20°N. 
Through time, two slightly different algorithms have been used to calculate these RFEs. From 
1995 up to 2000, the first algorithm (RFE 1.0) was active. The second algorithm (RFE 2.0) has 
been active since 2001. As orographic rainfall effects are no longer incorporated, RFE 2.0 has 
been producing inferior (but still usable) results in Ethiopia as compared to RFE 1.0 (Dinku et 
al., 2008; Beyene and Meissner, 2010; Jacob et al., 2013).  
 
In Ethiopia, the RFEs in general underestimate the actual amount of rainfall. Calculated on 
monthly basis, the RFEs 1.0 underestimate the actual amount of precipitation by 13% and the 
RFEs 2.0 by 24% within the study area. This highlights the need for a local correction. By 
incorporating local MS data, the estimations can be improved significantly, especially in 
topographically complex regions (Dinku et al., 2008; Beyene and Meissner, 2010; Jacob et al., 
2013). To do this, we performed a linear regression with the MS observations as dependent and 
the summed monthly corresponding RFEs as independent variables, for both the estimation 
algorithms separately (Dinku et al., 2008; Jacob et al., 2013). We used data from the National 
Meteorological Agency (NMA) of Ethiopia and the rain gauge network of Ghent University 
(UGent) from 23 stations along the escarpment (Fig. 2.1). This corresponds to a density of one 
MS per 72 km². The historical availability of data varies greatly from station to station 
(Appendix B, Table B1). Some of the data of the NMA stations date back to 1996, while the 
UGent stations have been established more recently, between 2012 and 2013 (Jacob et al., 2013; 
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Tesfaalem et al., 2015; Biadgilgn et al., 2015). Prior to the correction, we tested the dataset for 
linearity, homoscedasticity, independence and normality (Poole and O'Farrell 1970). To test 
linearity, we applied a bivariate correlation analysis. As Beyene and Meissner (2010) and Jacob 
et al. (2013) observed, a significant but weak correlation exists during the dry season (R1.0 = 
0.42 and R2.0 = 0.19), whereas the strongest correlation is during the entire (belg + kiremt) rainy 
season (R1.0 = 0.85 and R2.0 = 0.76). Consequently, we only considered the belg and kiremt 
seasons, which account for 86.7% of the yearly precipitation. 
 
We forced the linear regression model through the origin, as this zero-zero point is the only 
point that fits 100% with reality (Jacob et al., 2013). This has the advantage that the offsets of 
25 mm for RFE 1.0 and 29 mm for RFE 2.0 are excluded from the model and consequently no 
negative values for the improved RFEs can be produced. The obtained regression equations for 
RFE 1.0 and RFE 2.0, with P෡ as the estimated amount of monthly precipitation are: P෡ = 1.132 × RFE 1.0 R² = 0.72, P < 0.001 (n = 126)     (2.5) P෡ = 1.314 × RFE 2.0 R² = 0.57, P < 0.001 (n = 934)     (2.6) 
 
Based on these results, we multiplied the values of all RFE pixels within the study area by 1.132 
for the period 1996-2000 and by 1.314 for the period 2001-2014. To validate the accuracy of P෡ 
in estimating monthly rainfall, we compared the total sum of monthly MS data, RFEs and the 
newly created P෡ values. At yearly basis, the estimation of precipitation improved by 15.4% for 
RFE 1.0 and by 23.7% for RFE 2.0. In this research, we spatio-temporally analyse RFEs from 
1996 to 2014. 
2.2.6 Land cover as impacted by rainfall variability 
Based on the improved RFEs, we defined a precipitation change parameter to establish the link 
with LCC. This parameter (Pdiff) is calculated at RFE pixel-scale as the difference in average 
yearly precipitation between the five-year periods preceding two successive land cover 
classifications (Fig. 2.2). The Pdiff parameter was taken rather than other parameters, such as 
occurrence of extreme events, changes in the length of growing season, changes in the start/end 
of growing season because the five-year period is assumed to be long enough for the vegetation 
to adapt to newly established rainfall conditions: "after 3 to 5 years shrub and tree species 
(woody vegetation) gain importance and suppress herbaceous species" (Descheemaeker et al., 
2006a). In an informal interview made with the local people, it was also confirmed that it takes 
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3- 5 years for woody vegetation cover to be transformed from one level to the other (e.g., from 
grass to shrubs/bushes or shrubs/bushes to forest). 
 
In order to link the rainfall variability and LCC, we relied on literature and the informal 
interviews conducted in the field. As water availability is the key regulating factor for 
vegetation growth, increased rainfall can significantly impact vegetation growth (e.g. Davis et 
al, 2000; Fensham et al., 2005; Olsson et al., 2005), especially if the initial vegetation cover is 
low (e.g. the classes grassland or bushland, abandoned marginal farmlands). In this study, the 
changes in rainfall precede the observed changes in land cover, allowing us to define the cause 
and effect relationship between them. During the informal interviews conducted in the field, 
some respondents also linked the changes in vegetation cover (density) to drier or wetter 
periods. 
 
Figure 2.2 Conceptualisation of the calculation of the precipitation parameter Pdiff. Average 
precipitation values for the whole study area are given. 
2.2.7 Projection of precipitation 
Precipitation was projected based on the CMIP5 global models for the RCP4.5 scenario that 
were used to predict precipitation for eastern Africa. The IPCC gathers and reviews global 
climate models as part of the global climate change assessment reports. The ensembles of the 
models are called Coupled Model Inter-comparison Project (CMIP). The CMIP5 is the model 
ensemble for the IPCC’s 5th assessment report (AR4) and was released in 2013. The CMIP5 
multi-model experiment presents an unprecedented level of information on which to base 
assessments of climate variability and change (Stocker et al., 2013). 
 
Pdiff 
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This method was used for this study because it is the recent scenario used for precipitation 
prediction in east Africa and the CMIP5 multi-model experiment presents an unprecedented 
level of information on which to base assessments of climate variability and change (Stocker et 
al., 2013). Relative to earlier phases, CMIP5 focuses on a set of experiments that include higher 
spatial resolution models, improved model physics, and a richer set of output fields (Taylor et 
al., 2012; Gulizia and Camilloni, 2015; Wu et al., 2015). Additionally, the CMIP5 climate 
change projections are driven by new climate scenarios that use a time series of emissions and 
con- cencentrations from the representative concentration pathways (RCPs) described in Moss 
et al. (2010). The CMIP5 uses Representative Concentration Pathways (RCP), among which 
the RCP4.5 uses 42 global models the response of which is averaged. The Precipitation 
projection by the CMIP5 global models shows the minimum, 25th, 50th and 75th percentiles, 
and the maximum response among the 42 models as percent change; and for East Africa annual 
prediction indices for each percent changes are given for the years 2035, 2065 and 2100, which 
this study used for prediction (Table 14.1 in Christensen et al. (2013)). 
 
Woody vegetation prediction is made based on the relationship between woody vegetation 
(WV) and precipitation. Based on the application of the Revised Universal Soil Loss Equation 
(RUSLE) (Renard et al., 1997) to calculate the yearly amount of soil loss, an increase in 
precipitation will lead to an increase in annual rainfall erosivity, provoking a higher yearly soil 
loss rate. Due to the increase in WV, however, a change in the cover factor will occur as well. 
If the cover factor decreases sufficiently (i.e. the proportion of 'forest expansion' increases faster 
than the proportion of 'conversion to bushland'), the effects of the increased rainfall erosivity 
can be counteracted, leading to a reduction in the yearly soil loss rate, if all other factors (e.g. 
soil erodibility, slope steepness) are kept constant. The RUSLE model with some factors 
adapted to Ethiopian conditions (Nyssen et al., 2009b, Appendix A) can be rewritten as: 
Asl = Cf * Re * constants          (2.7) 
where Asl = yearly soil loss rate (Mg ha-1 yr-1), Cf  = cover factor (0.42 for rangeland and 0.004 
for forest); Re = rainfall erosivity (MJ mm ha-1 h-1 yr-1), i.e. for Ethiopia Re = 5.5 * annual 
precipitation (mm) – 47. Hence, this equation was used to predict erosivity in the study area. 
The current precipitation (2015) and the predicted precipitation for 2035, 2065, 2100 were used 
for the respective erosivity predictions of 2015, 2035, 2065 and 2100. 
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2.3 Results 
2.3.1 Land cover proportions from 2000 to 2014 
In order to compare the relationship between rainfall variability and land cover situations in the 
study area, a land cover map for the steep western escarpment were developed for 2000, 2005, 
2010 and 2014 (Fig. 2.4). The study area escarpment is dominantly covered with bushland 
(average = 52%) and farmland (average = 39%) in the last two decades (Fig. 2.3).  Woody 
vegetation cover (both forest and bushland) reached its maximum in 2005 (53.3% of the entire 
escarpment) and farmlands reached maximum in 2010 (45% of the entire escarpment). Woody 
vegetation are densely found in the northern part of the escarpment, whereas the proportion of 
farmland seems higher in the southern part (Fig. 2.4). It can be noted that the steep slopes in the 
southern part of the study area are intensively used for farming activities.  
 
 
Figure 2.3 Proportions of the land cover classes in (a) 2000, (b) 2005, (c) 2010 and (d) 2014. 
Details of the two smallest classes (i.e. modernised village and wetland), together comprising 
less than 1% of the study area and not used for further analysis, are not represented. Definitions 
of each class is given in table 2.1. 
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Figure 2.4 Land cover classifications for 2000, 2005, 2010 and 2014. Definitions for the 
different land cover classes are given in Table 2.1. 
2.3.2 Land cover change 
The change maps (Fig. 2.5) are drafted based on the main trends within the change matrices, as 
'from... to...' transitions (Table 2.2, 2.4 and 2.5) in line with de Mûelenaere et al. (2014). 
Accordingly, we displayed six transitions on the change maps (Fig. 2.5) for every period: (i) 
forest expansion, (ii) conversion to bushland, (iii) conversion to grassland, (iv) conversion to 
farmland, (v) conversion to bare ground (degradation), and (vi) deforestation or important 
decrease in vegetation. Overall, between 2000 and 2014, we observe a decline in cultivated area 
from 40.6% to 35.4%. The proportion of WV (sum of 'forest', 'bushland' and 'Eucalyptus 
plantation') almost remains stable at 53.5% (Fig. 2.3). These changes however did not occur 
linearly: during each five-year period of change, land cover change took place in almost 35% 
of the study area (Table 2.3). 
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Land cover change between 2000 and 2005 
Between 2000 and 2005, the most important changes were conversions to bushland (11%) and 
deforestation or vegetation decreases (9.6%) (Table 2.3). The latter are mainly due to the 
conversions of forest to bushland (3.2%) or bushland to grassland (4.7%) (Table 2.2). There 
were also important conversions to farmland (5.8%) and grassland (3.2%). In the southern part 
of the study area there are elongated features that are subject of deforestation (Fig. 2.5). These 
areas are the steep slopes and the mountain tops which are used for farming activities. In this 
change, mainly bushland and grassland are converted to farmland may be due to better fertility 
developed most probably after being abandoned from previous farmland or due to land 
distribution to the youth.  
 
Table 2.2 Land cover change matrix for 2000-2005 (expressed in percentage of total area). 
Refer the color coding in Table 2.3. 
          2005 
2000 
Modernised 
village 
Farmland 1 Farmland 2 Forest Bushland Grassland Eucalyptus 
plantation 
Bare 
ground 
Wetland Total 
2000 
Modernised 
village 
0.01 0.05 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.09 
Farmland 1 0.18 25.42 0.51 0.03 8.84 3.14 0.01 0.55 0.01 38.69 
Farmland 2 0.00 0.97 0.43 0.04 0.39 0.04 0.00 0.05 0.00 1.91 
Forest 0.00 0.45 0.46 3.93 3.23 0.02 0.15 0.36 0.00 8.61 
Bushland 0.05 4.46 0.12 1.36 33.23 4.65 0.37 0.08 0.02 44.34 
Grassland 0.03 1.24 0.00 0.01 1.72 2.38 0.02 0.01 0.03 5.43 
Eucalyptus 
plantation 
0.00 0.07 0.02 0.12 0.32 0.01 0.03 0.01 0.00 0.58 
Bare 
ground 
0.00 0.21 0.00 0.00 0.02 0.00 0.00 0.07 0.00 0.31 
Wetland 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.05 
Total 2005 0.27 32.87 1.54 5.49 47.78 10.26 0.58 1.14 0.06 100 
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Table 2.3 Proportions of the main land cover changes between 2000 and 2014 
 
  
Description of change '00-'05 '05-'10 '10-14 
    x  No change 65.77 65.67 66.66 
    
   Forest expansion 1.84 1.60 3.89 
    
   Conversion to bushland 11.00 9.17 13.17 
    
   Conversion to grassland 3.19 0.36 1.74 
    
   Deforestation or important decrease in vegetation 9.60 3.06 6.26 
    
   Conversion to bare ground (degradation) 0.68 0.87 1.81 
    
   Conversion to farmland 5.82 17.90 5.22 
    x  Other change 2.09 1.38 1.26 
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Figure 2.5 Land cover changes between 2000 and 2014, detailed per intervening period. 
Each map was obtained by analysis of changes between successive land cover maps (Fig. 2.3); 
change classifications are detailed in Tables 2.2, 2.4, and 2.5 
. 
Land cover change between 2005 and 2010 
During the period between 2005 and 2010, a very important increase in agricultural land 
(17.9%) is observed (Table 2.3). These new farmlands are mainly converted from previous 
bushlands. There was also an important increase in bushland by 9.2%, mainly resulting from 
former farmlands (6.5%) and grasslands (2.3%) (Table 2.4). 
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Table 2.4 Land cover change matrix for 2005-2010 (expressed in percentage of total area). 
Refer the color coding in Table 2.3. 
            2010 
2005 
Modernised 
village 
Farmland 1 Farmland 2 Forest Bushland Grassland Eucalyptus 
plantation 
Bare 
ground 
Wetland Total 
2005 
Modernised 
village 
0.02 0.23 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.27 
Farmland 1 0.09 25.03 0.46 0.02 5.94 0.34 0.14 0.82 0.01 32.86 
Farmland 2 0.00 0.01 0.70 0.04 0.58 0.00 0.19 0.01 0.00 1.54 
Forest 0.00 0.00 0.12 3.72 1.09 0.01 0.55 0.00 0.00 5.49 
Bushland 0.00 11.22 0.10 0.61 33.94 1.47 0.41 0.03 0.00 47.79 
Grassland 0.01 6.56 0.01 0.00 2.28 1.39 0.00 0.00 0.02 10.27 
Eucalyptus 
plantation 
0.00 0.02 0.00 0.15 0.31 0.03 0.07 0.00 0.00 0.58 
Bare 
ground 
0.01 0.41 0.10 0.05 0.35 0.00 0.12 0.10 0.00 1.14 
Wetland 0.00 0.02 0.00 0.00 0.01 0.03 0.00 0.00 0.01 0.06 
Total 2010 0.14 43.51 1.48 4.59 44.51 3.28 1.49 0.97 0.03 100 
 
 
Land cover change between 2010 and 2014 
Between 2010 and 2014, we observe an important conversion to bushland (13.2%) (Table 2.3 
and 2.5). This conversion is mainly located in the north and comprises former farmlands (Fig. 
2.5). This conversion occurred in the same locations where conversion from bushland to 
farmland took place between 2005 and 2010. In the southwest of the study area, a decrease in 
WV takes place (6.3%), mainly due to conversion of bushlands into grasslands. Similar to the 
period between 2000 and 2005, the steep slopes and mountain tops (appearing as elongated 
features) in the southern part of the study area are subject to deforestation in the period 2010 – 
2014. 
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Table 2.5 Land cover change matrix for 2010-2014 (expressed in percentage of total area). 
Refer the color coding in Table 2.3. 
            2014 
2010 
Modernised 
village 
Farmland 1 Farmland 2 Forest Bushland Grassland Eucalyptus 
plantation 
Bare 
ground 
Wetland Total 
2010 
Modernise
d village 
0.02 0.09 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.14 
Farmland 1 0.24 28.73 0.16 0.02 11.19 1.44 0.02 1.69 0.00 43.50 
Farmland 2 0.00 0.11 0.57 0.24 0.26 0.29 0.00 0.00 0.00 1.48 
Forest 0.00 0.00 0.01 3.88 0.47 0.03 0.17 0.00 0.03 4.60 
Bushland 0.06 4.18 0.66 2.77 30.81 5.13 0.74 0.11 0.06 44.52 
Grassland 0.02 0.37 0.02 0.03 1.63 1.14 0.07 0.00 0.01 3.28 
Eucalyptus 
plantation 
0.00 0.00 0.04 0.81 0.27 0.26 0.10 0.00 0.01 1.49 
Bare 
ground 
0.00 0.44 0.02 0.00 0.08 0.00 0.00 0.42 0.00 0.97 
Wetland 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.03 
Total 2014 0.35 33.93 1.47 7.75 44.72 8.32 1.10 2.23 0.12 100 
2.3.3 Rainfall variability 
The precipitation distributions of the rainy seasons in the study area were mapped based on the 
improved RFEs of five-year annual average precipitation for the periods 1996-2000, 2001-
2005, 2006-2010, 2010-2014 (Fig. 2.6). The distribution of the precipitation shows that the five-
year period between 2001 and 2005 was the driest period when the study area experienced a 
precipitation below 600 mm. 
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Figure 2.6 Five-year annual precipitation averages (mm) for the periods 1996-2000, 2001-
2005, 2006-2010, 2010-2014; based on Rainfall Estimates improved by local meteorological 
station data. 
 
Based on the calculated precipitation parameter Pdiff at RFE pixel-scale (Fig. 2.6), we computed 
the five-year difference in average precipitation (Fig. 2.7) and an average value of -184 mm for 
difference in rainfall between the five-year periods preceding 2005 and preceding 2000 were 
found. Similarly, averages of +188 mm and +12 mm are calculated for the differences in five-
year average precipitation preceding 2010 and 2014, respectively. Negative values imply that 
the earlier period is wetter than the later period. The period between 2001 and 2005 stands out 
as remarkably dry. 
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Figure 2.7 Precipitation changes (Pdiff) between 2000 and 2014, detailed per intervening 
period. Pdiff is calculated as the difference in five-year average precipitation for the two periods 
preceding each land cover map (Fig. 2.4), based on Rainfall Estimates improved by local 
meteorological station data (Fig. 2.6). 
2.3.4 Land cover as impacted by rainfall variability 
In a next step, we correlated the observed LCC between 2000 and 2014 to the precipitation 
parameter Pdiff at RFE pixel-level. We performed linear regression analyses to establish the link 
between the variables.  The linear regression analyses show a weak negative correlation (R2 = 
0.40, p < 0.001) between 'deforestation or important vegetation decrease' and Pdiff (Fig. 2.8A). 
Increasing precipitation between two five-year periods thus causes a decrease in tree cutting, 
while a decrease in precipitation rather speeds the deforestation up. There were no correlations 
between 'forest expansion' or 'conversion to bushland' and Pdiff at full period between 2000 and 
2014. But at five year sub-period there was a positive correlation between forest expansion 
Pdiff 
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(2000 and 2005) (R2 = 0.48, p < 0.001), and conversion to bushland (2005 – 2010) (R2 = 0.30, 
p = 0.001) attributable to conversions from forest, farmland and grassland. But, it can be noted 
that the relationship between precipitation and deforestation can be expanded to the relationship 
between precipitation and WV in general. Not only does an increase in precipitation imply a 
decrease in deforestation, but also it leads to a vegetation densification (mainly conversions 
from bushes to forests). 
  
A negative correlation is also found between the variable 'conversion to grassland' and Pdiff (R2 
= 0.25, p < 0.001) (Fig. 2.8B). A positive change in the precipitation parameter implies a 
decrease in grassland. The disappearance of grasslands through time, however, has resulted in 
the establishment of bushlands in 54% of the cases, the rest are attributable to farmland 
expansion. For 'conversion to farmland', which clearly is impacted by human decisions, we 
found a positive correlation with the precipitation parameter (R2 = 0.36, p < 0.001) (Fig. 2.8C). 
This correlation may indicate, given political decision related to land tenure, that farming 
activities increase with the availability of precipitation and marginal farm abandonment takes 
place during dry periods (as is the case in the dry period between 2000 and 2005 where a 
decrease in farmland was shown). For 'conversion to bare ground' the correlations between 
'conversion to bare ground' and Pdiff fluctuate around zero, both for the entire observation period 
and the sub-periods. Some correlations are negative (which is expected as an increase in 
precipitation is expected to trigger vegetation growth), whereas others were positive, even at 
the p = 0.01 level of significance. This either implies that degradation is highly human impacted 
and that the significant correlations thus merely are coincidental or that the mapping of the 
degraded areas has not been consistent over time. Typically less than 2.5% of the study area is 
mapped as bare ground. Maybe this land cover proportion is too small to perform good analysis 
at the RFE-pixel level. 
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Figure 2.8 The link between Pdiff and all observed LCC, leading to increases or decreases in 
the (semi-) natural vegetation, for the period between 2000 and 2014 (n = 108). The ‘vegetation 
decrease’ in ‘A’ indicates a decrease in woody vegetation, i.e., decrease in bushland, Eucalyptus 
trees and forest. 
2.3.5 Implications for the future 
Despite many uncertainties, yearly precipitation in Eastern Africa is likely to increase (-7% to 
+ 21%) by the end of the century (Christensen et al., 2013). Based on the a regression analysis 
of “forest expansion + conversion to bushland – deforestation” and Pdiff, a prediction on the 
woody vegetation cover was made using a linear regression equation  
WV (% per pixel) = 6.2 + 0.012 * Pdiff          (2.8).      
The 0.012 was used as an index for the prediction of all the percentile changes for 2035, 2065, 
and 2100. The obtained results indicate that increased precipitation will result in a re-greening 
of the study area (Fig. 2.9A-B). The proportion of WV in the study area is likely to increase 
from 53.6% in 2014 to [53.0% - 55.4%] by 2100. This probable increase in WV is anticipated 
A B
C 
Y = 6.147 - 0.016x 
R² = 0.40 
p < 0.001 
Y = 1.960 - 0.007x 
R² = 0.25 
p < 0.001 
Y = 9.306 + 0.031x 
R² = 0.36 
p < 0.001 
Pdiff 
Pdiff 
Pdiff 
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to have negative feedback effects on runoff response and soil loss. But it should be noted that 
the existing and the predicted WV have small differences due to the low angle of trend line 
between WV and precipitation (Pdiff). Based on the predictions made on the rainfall erosivity in 
the study area (Fig. 2.9C), a maximum (4750 MJ mm ha-1 h -1 yr-1) and a minimum (3500 MJ 
mm ha-1 h -1 yr-1) is measured. The difference between the maximum and minimum rainfall 
erosivity is small as it is directly related to the dynamics of the WV.. 
 
  
 
Figure 2.9 Projections for (A) precipitation in eastern Africa by the CMIP5 global model for 
the RCP4.5 scenario, (B) proportion of woody vegetation in the study area as a response to the 
change in precipitation and (C) calculated rainfall erosivity in the study area. The percentiles 
indicate the responses of the 42 global models for the RCP4.5 scenario on which the CMIP5 
global model is based (Data source: Christensen et al (2013)).  
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2.4 Discussion 
2.4.1 Land cover changes 
We used single-year Landsat images to derive our land cover maps. Although the use of single-
year Landsat image to derive land cover maps is a common practice, the emergence of possible 
short-term changes in land cover needs to be considered, such as shifting cultivation or single-
year land abandonment (fallowing). In the north western Ethiopian Highlands and the Afar 
Lowlands, the practice of shifting cultivation halted several years ago (Zeleke and Hurni, 2001; 
Tsegaye et al., 2010) in favour of intense cultivation or improved (irrigation) systems. Hence, 
we assume that shifting cultivation is also no longer practiced in our study area, during 
fieldwork we encountered no any evidence of it. Further, as good farmlands are scarce and also 
highly valued, single-year abandoned farmlands are doubtless few in number. More common 
are the abandoned marginal farmlands that proved unproductive and are given back to nature 
(Worku et al., 2015). Depending on the stage of regrowth, these plots are probably mapped as 
bare grounds or bushlands. 
 
Most of the land cover changes in the study area were observed between bushalnd and farmland. 
The expansions in bushland in the period between 2000 and 2005 is mainly attributed to a 
decrease in farmlands, where as in the subsequent years between 2005 and 2010, expansion of 
farmland was most important. Again in the period between 2010 and 2014, expansion of 
bushland at the expense of farmland was prevalent. In addition to the rainfall variability, the 
recent conversions of farmland to bushland is perhaps related to the recent rehabilitation 
activities (such as exclosures) being practiced in the northern highlands of Ethiopia (Tesfaalem 
et al., 2015) and abandonment of marginal farmlands. 
  
To assess the accuracy of the land cove classifications, all GCPs were used for both 
classification and validation. Using the maximum available number (500) of GCPs, a certain 
quality can be expected from the classification result. As all historical classifications depend 
upon the accuracy of the 2014 image, an independent control is applied for the latter. Based on 
a regular 5 km x 5 km grid stretched over the study area, up to 70 validation points were derived 
from 3D Google Earth imagery, acquired on 17-10-2014 (Bastin et al., 2013) and 89% of them 
proved to be correctly classified. As the two independent accuracy assessments of the 2014 
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classification prove adequate, this land cover map can be considered as a reliable source from 
which the historical classifications can be deduced. 
2.4.2 Rainfall variability 
NOAA's satellite-derived RFEs nowadays are widely used to replace or supplement MS data 
due to their spatio-temporal continuity at relative high spatial resolutions (Dinku et al. 2008). 
The RFEs, however, considerably underestimate the actual amount of precipitation. In Ethiopia, 
this especially is true for the RFEs 2.0, which no longer incorporate the process of orographic 
cloud formation (Dinku et al., 2008). In our study area, at monthly basis the RFEs 1.0 and 2.0 
underestimate the MS data by respectively 13.3% and 23.8%. Beyene and Meissner (2010) 
recorded underestimations of respectively 7% and 36% at the country scale. These observed 
differences may be because these studies also included the drier Ethiopian lowlands, which are 
even more underestimated by the RFEs than their wetter mountainous counterparts (Dinku et 
al., 2010). Spatially, the deviations from the MS data mainly manifest themselves in the 
topographic complex upper catchments. This can be due to the orographic cloud formation. 
Deviations for upland sites Maychew, Korem and Tekulesh for example, typically are above 
20% while deviations for the stations in the graben bottom remain below 15% (e.g. Mehoni, 
Alamata, Waja, and Kobo). 
 
Two different algorithms were used to create RFEs through time. This especially may influence 
the calculations of Pdiff values for the first period (2001 to 2005 vs. 1996 to 2000). However, 
both RFEs 1.0 and 2.0 provide significantly better results after the performance of local 
corrections: the improved RFEs 1.0 underestimate the MS data by 2.8%, while the improved 
RFEs 2.0 overestimate the MS data by 0.1%. No problems are thus expected in this regard.    
  
As a result of the correction, the RFEs estimate the actual amount of precipitation much more 
accurately than before. The improved RFEs 1.0 (1996-2000) in this way assess the yearly 
amount of precipitation 10.5% better than the original RFEs. At monthly basis, however, the 
estimation accuracy lowers with 1.0% from the original RFEs. Especially the estimations for 
the months of April and June are in gross error (over 60%). These findings are in contrast with 
Jacob et al. (2013), who find the average estimation at monthly basis to improve the original 
RFEs by 7.7%. At yearly basis on the other hand, they record an improvement of 8.6% from 
the original RFEs. A possible explanation for this discrepancy is that Jacob et al. (2013) have 
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much more MS data available (n = 359 versus n = 126), which furthermore come from many 
more different stations spread over the entire study area (17 versus 5 for this RFEs 1.0 period). 
For the RFEs 2.0 (2001-2014), the estimation of both the monthly and yearly amount of 
precipitation improved by 15.4% and 23.7% from the original RFEs respectively. At yearly 
basis, this results in an estimation that only differs with 0.1% from the actual observed (MS 
data) amount of precipitation. Hence, it is concluded that the improved RFEs form a powerful 
tool to estimate the actual amount of precipitation at the escarpments of the Raya Graben and 
thus easily can be used to establish the link with the LCC. 
2.4.3 Land cover as impacted by rainfall variability 
The results of the regression analyses between the observed LCC and the precipitation 
variability reveal a good relationship between precipitation and deforestation. Increase in 
precipitation seems to deter the farmers from tree cutting. A decrease in precipitation 
encourages tree cutting. Increase in precipitation deters farmers from tree cutting because they 
will have better production from their farmland during seasons of adequate rainfall and their 
struggle to compensate their living by cutting trees decreases. They are also inhibited from 
cutting tree branches to feed their cattle as they have other alternatives (e.g., crop stalks and 
grass). For example, between 2000 and 2005, which was a drier period (Fig. 2.6), the 
deforestation (forest cover decrease) was the highest of all observed periods (Table 2.3). In the 
same period, there was also a decrease in farmland. The decrease in farmland seems to be 
attributable to abandonment of marginal farmland and hence mainly conversions to bushland 
as also stated by key informants and grassland. In the following period, the precipitation 
recovers again, though the forest remains almost unchanged; there was, however, a decrease in 
bushland and grassland (Fig. 2.4). During this period also a very high human-induced 
'conversion to farmland' took place. This conversion was probably due to the political decision 
implemented to give marginal lands to landless youngsters on the condition to establish soil and 
water conservation measures (Worku et al., 2015). Between 2010 and 2014, after the average 
precipitation has been stable for almost ten years, there were conversions to forest and bushland. 
These expansions in WV, however, are probably due to the abandonment of the previously 
established marginal farmlands that proved insufficiently productive. Next to the impact of 
rainfall variability, other factors such as human impact (e.g. establishment of exclosures, 
banning of forest fires) thus certainly should be taken into account. Besides, temperature may 
also possibly influence the LCC. However, variability in net primary production in the tropics 
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is related to rainfall variability rather than temperature variability, due to the low seasonal and 
annual variability in temperature (Mohamed et al., 2004). Therefore, the impact of temperature 
variability can be considered of minor importance. 
 
Hence, based on the findings of this study and the cited references, we can conclude that the 
LCC are impacted by rainfall variability but that most of the observed variance in LCC cannot 
be explained only by rainfall variability. The coefficient of determination for different 
parameters in the relationship between rainfall variability and LCC reach 0.4 (Fig. 2.8). This 
indicates that at least 60% of the variance is not due to rainfall variability but also due to other 
factors related to human impact. For the correlation between Pdiff and WV in general, the 
coefficient of determination was low. It may be that there is an effect of rainfall thresholds that 
are not crossed to bring considerable changes in land cover because we see that the proportions 
between the vegetated and agricultural areas remain about the same over the duration of the 
study. However, the obtained results can be used to predict possible future LCC, given the 
known climate prediction models.  
2.4.4 Implications for the future 
Climate projections show an increase in precipitation over the central Ethiopian Highlands and 
northern Great Rift Valley in Ethiopia (Li et al., 2016; and the prediction in this thesis for the 
Raya graben). The predicted increase in WV, as higher precipitation is expected, will impact 
the amount of runoff coming down the escarpment and reaching the graben bottom. De Wit and 
Stankiewicz (2006) state that in African countries with an average annual precipitation between 
500-1000 mm (which is 742 mm in the study area), an increase in annual precipitation will lead 
to an increase in perennial drainage and that vegetation cover only starts to impact runoff by 
precipitation averages over 1000 mm/year. However, as vegetation cover explains about 80% 
of the variation in runoff and runoff can be considered negligible when the vegetation cover 
exceeds 65% on steep slopes in northern Ethiopia (Descheemaeker et al., 2006b), a decrease in 
runoff response by 2100 can be expected in at least some parts of the study area. Further 
research on this topic is required, however.  
 
The overall predictions are that annual rainfall will increase in the future in the study area. 
However, it should be noted that frequent occurrences of extreme weather events, and seasonal 
and inter annual rainfall variability may affect the land cover conditions directly (by affecting 
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the hydro-geomorphology or indirectly (by impacting land suitability for agriculture or other 
economic activities). These intermediary weather situations may have implications on the 
uncertainty on the future land cover predictions  
2.5 Conclusion 
The objective of this study was to determine whether or not rainfall variability has an impact 
on land cover changes (LCC) next to human impact, for a study area in northern Ethiopia 
comprising a large cover of semi-natural vegetation. First, the LCC and rainfall variability were 
studied separately and next their link was investigated using correlation analyses. 
  
Between 2000 and 2014, in the studied 1660-km² portion of the Ethiopian Rift Valley 
escarpment, area of farmland declined with almost 5%. A small increase in grassland occurred 
and the area occupied by woody vegetation (WV) remained relatively stable. Changes did not 
occur linearly but were characterised by ups and downs. The Rainfall Estimates (RFE) from 
NOAA-CPC proved powerful in estimating the actual amount of precipitation at yearly scale, 
after a correction with local meteorological station data. In this study, on average, one 
meteorological station per 72 km² was used to perform the correction. Estimations hereby 
improved with 10.5% and 23.7% for the RFE 1.0 and RFE 2.0 algorithms, respectively. After 
performing simple linear regression analyses, it was concluded that rainfall variability has slight 
impact on LCC in the period between 2000 and 2014. This impact, however, was only of minor 
importance, as the obtained correlation between woody vegetation and Pdiff (i.e. the at-RFE 
pixel scale difference in five-year average annual precipitation for the two periods preceding 
each land cover map) was low. Besides this correlation, a weak correlation between 
deforestation and Pdiff was found. These results show that the effects of rainfall variability on 
WV cover, besides direct human impact, cannot most probably be extrapolated to the Ethiopian 
plateau, since intensive agriculture would prevent the expansion of WV after a wetter period. 
By 2100, increases in precipitation and subsequently rainfall erosivity and WV cover can be 
expected in the study area. It is, however, not yet clear whether or not the increased WV cover 
will be able to counteract the effects of increased rainfall erosivity in terms of soil loss. The 
increased WV cover will probably (at least locally) lower the amount of runoff. 
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Photo: Gobu bridge near the town of Waja (April 2015) - photo by Biadgilgn Demissie 
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Abstract 
The Raya graben is a marginal graben of the Ethiopian Rift Valley located in North Ethiopia. 
The purpose of this study is to investigate the impacts of biophysical factors in the headwater 
catchments on the morphology of ephemeral rivers in the graben bottom over the period 
between 1986 and 2010. In this study, 20 representative catchments on the escarpment were 
selected to analyze the relationship between the morphology (length, area) of the ephemeral 
rivers in the graben bottom and the biophysical controls in upper catchments (vegetation cover, 
extremely degraded land, catchment area, compactness, and slope gradient in both the steep 
upper catchments, and the gentle graben bottom). Landsat imagery was used to calculate the 
Normalized Difference Vegetation Index (NDVI), and to map vegetation cover and the total 
length of the rivers. SPOT CNES imagery available from Google Earth was used to quantify 
the total area of the rivers in 2005. In a regression analysis, both length of rivers in the graben 
bottom (p < 0.0001, R² = 0.57, n = 80) and area occupied by the rivers in the graben bottom (p 
< 00001, R² = 0.66, n = 20) were positively correlated with upper catchment area. Upper 
catchment area is the most important control of the morphology of ephemeral rivers in drylands.  
The inverse trend in the NDVI and the length of the rivers show relationship potential 
relationship between them. Hence, vegetation cover can be considered as a secondary factor.  
 
Key terms: ephemeral rivers, NDVI, vegetation cover, Raya Graben, marginal grabens, Rift 
Valley 
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3.1 Introduction 
Rivers draining arid and semi-arid floodplains have extremely variable flows in timing, duration 
and extent (McMahon et al., 1992; Davies et al., 1994; Puckridge et al., 1998, Billi, 2011). Due 
to high sediment loads, most dryland rivers are braiding (Graf, 2002). This is related to high 
runoff responses in their steep and often bare headwater catchments, from which huge amounts 
of sediment are brought to the trunk channels by mainly mountain streams gully erosion (Frankl 
et al., 2012; Storz-Peretz and Laronne, 2012). Their morphology is very sensitive to land use 
and land cover changes (Zhao et al., 2013; Liu et al., 2014), changes in flood discharges, and 
sediment fluxes and rapid morphologic changes may occur over a few years or decades 
(Ferguson, 1993). Common morphologic changes are stream narrowing or widening due to 
alternations in discharge and sediment load (Page et al., 2000; Nakamura & Shin, 2001; 
Liébault and Piégay, 2002). River pattern changes are also common. Climatic variability and 
human activities, through their impact on runoff response and erosion rates, also cause changes 
in the morphology of ephemeral rivers. As a result of these changes, the rivers can have a strong 
impact on the adjacent land. 
 
Most researches on ephemeral rivers focus on vegetation dynamics in the river channels 
(Caruso et al., 2013; Bertoldi et al., 2011; Comiti et al., 2011), relationships between water level 
and plan-form configuration (Welber et al., 2012), dynamics of sediment transport (Billi, 2011), 
variation in active width of rivers (Ashmore et al., 2011) and bedforms (Billi, 2008). Moreover, 
there are studies that deal with bio-physical factors (the role of vegetation) on planform changes 
of rivers (for example Gurnell et al., 2009). However, these dynamics are much less studied in 
dryland environments. Some studies in drylands (Tesfaalem et al., 2014) focus on mountain 
streams. Thus, morphological changes of rivers need also to be linked to bio-physical factors in 
their upper catchments. 
 
Ephemeral river systems are common in the lowland plains of Ethiopia (they are composed of 
headwater streams, a trunk channel and a terminal distributary system) (Billi, 2007). The trunk 
streams dominantly have a relatively low channel gradient (0.01- 0.03) and are sand dominated 
(Fig. 3.1) and the flood waves exhaust in a very short time (Billi, 2007). Though the 
morphologic changes in the ephemeral rivers are assumed to be principally the result of 
hydraulic and sediment supply factors, the biophysical characteristics of the upper catchments 
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can play an important role as well (Graf, 2002). These characteristics and their impacts on the 
morphology of the ephemeral rivers in the graben bottom are not well understood yet. 
 
In the northern Ethiopian highlands land degradation, deforestation and soil erosion are 
important (Nyssen et al., 2008a). Land degradation is attributed to changes in land cover 
(Alemayehu et al., 2009; Kassa et al., 2014) and anthropogenic activities (Nyssen et al., 2008b), 
and consequently has an impact on the plains where ephemeral rivers are a major feature. In 
recent years, however, due attention has been given to land resource conservation and 
rehabilitation (reforestation). The Raya graben and its escarpments are among the areas that are 
subject to these rehabilitation activities (Tesfaalem et al., 2014). Hence, this degradation and 
rehabilitation of the escarpments are of primary concern in terms of their impacts on the 
morphology of the ephemeral rivers in the graben. The purpose of this chapter is therefore to 
investigate the impact of bio-physical factors in the headwaters on the morphology of the 
dryland ephemeral rivers in the Raya Graben of Northern Ethiopia, over the period between 
1986 and 2010. Since the study covers a period of 25 years, changes can be expected in the 
morphology (length and area) of the ephemeral rivers in the graben bottom related to bio-
physical factors in the upper catchments. 
 
 
Figure 3.1 Flat-bedded river channel. Upslope view of Hara river towards the escarpments 
(upper catchment). The escarpments are at the back of the photo and the graben bottom towards 
the reader. Photo by Biadgilgn Demissie – Hara river (August 2013). 
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3.2 Materials and Methods 
3.2.1 The study area 
The Raya graben is a semi-closed marginal basin along the Ethiopian Rift Valley which covers 
a total area of 3600 km2. It is located between 12°00’ - 13°00’N and 39°30᾿ - 40°00᾿E (Fig. 
3.2). The graben is enclosed by an escarpment to the West, which cumulates at 4284 m a.s.l., 
and by a horst at the East (2335 m a.s.l.). The graben floor lies at 1400 to 1500 m a.s.l. The 
escarpments are composed of Tertiary volcanics and the graben floor is predominantly filled 
with Quaternary alluvial deposits derived from erosion of the surrounding highs and punctuated 
by a few recent, small trachyte plug hills (Merla et al., 1979; Billi, 2007). 
 
Based on altitude, the study area comprises four agro-climatic zones: lowland (kola; 500-1500 
m a.s.l.), midland (woina dega; 1500-2300), highland (dega; 2300-3300) and Afro-Alpine 
(wurch; above 3300 m a.s.l.). The rainfall distribution of the study area is bimodal with 
abundant rainfall in July and August and second smaller rainy season from March to May.  The 
total annual precipitation at Alamata gauge station in the graben bottom amounts to, on average, 
768 mm with 171 mm in the dry season (December – February), 209 mm in the period with 
small rains (September - November & March – May), and 355 mm in the main rainy season 
(June – August) (Billi, 2011). 
 
Like other parts of Ethiopia, the study area has diversified land use and covers. Agricultural 
land and wood land are the most dominant ones. In the agricultural production, the major crops 
are sorghum, maize and teff with maize and teff produced twice a year (during the summer and 
spring seasons). 
 
The Raya graben has its major drainage system coming from the western escarpment; the 
eastern drainage system occupies a smaller area and short streams running westwards down 
from the horst. All rivers end up in the graben center that has two outlets in the southeast 
direction that are eventually reached by storm runoff. Distributary systems of the rivers have 
relatively unrestricted channels as a result of which they are free to leave their original courses 
and occupy wide areas along way (Billi, 2007). Counter measures by farmers which might have 
impacts on the morphology of the rivers are common practices in the study area. But they are 
very small measures which don’t resist the flashy floods. Small traditional irrigation channels 
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(such as spate irrigation) are available, but they are useful most of the time during the low flow 
as the high flows destroy them. Other structural measures (commonly gabions) are found in the 
upper parts of the ephemeral rivers. But these measures were widely implemented in the last 4-
5 years which is out of the study periods of this study. For this study, all of the 20 representative 
catchments found in the western escarpment were selected the area of which ranges between 
15 and 335 km² (Fig. 3.2). 
 
 
Figure 3.2 Location map of the  the study catchments in the Raya graben, with study catchment 
numbering as in Table 3.1. 
3.2.2 Remote Sensing data for mapping NDVI 
In order to detect dynamics of the rivers in the graben bottom as well as vegetation cover 
changes in the upper catchments over the last 25 years, Normalized Difference Vegetation 
Index (NDVI) maps were prepared from Landsat imagery (TM 1986, ETM+ 2000, ETM+ 2005 
and TM 2010) that were captured during the dry season (Appendix A1, Table A1-1). 
Topographical maps and hill shades generated from an Aster DEM were used to delineate the 
upper catchments in Arc GIS environment. 
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3.2.3 Image preprocessing and NDVI calculation 
The Normalized Vegetation Index utilizes the information contained in red and near-infrared 
canopy reflectance or radiance (Baret and Guyot, 1991). NDVI has been found to be well 
correlated with various vegetation variables including green leaf area (Clevers, 1989; Carlson 
et al., 1997), and biomass and productivity (Assar et al., 1985). It has been used for various 
applications, such  as for extracting features like road, urban area, agriculture land and water 
resources (Bhandari et al., 2012), mapping cropping patterns (Wiegand et al., 1991; 
Bharathkumar and Mohammed, 2015), land cover mapping (Budde et al., 2004; Ghorbani et 
al., 2012), assessing vegetation cover degradation (Jacquin et al., 2010; Yengoh et al., 2014), 
and vegetation change detection (Morawitz et al., 2006; Gandhi et al., 2015). As NDVI is an 
effective method for showing greenness, vegetation density, and distinction of impervious 
surfaces and surfaces covered with vegetation, we used it for assessing vegetation cover 
condition and detection of river channel beds in this study. 
 
NDVI values close to -1 significantly correspond to water bodies. Values close to zero (-0.1 to 
0.1) generally correspond to barren areas of rock, sand, or snow. Low, positive values represent 
shrub and grassland (approximately 0.2 to 0.4), while high values indicate forests and bushland 
which have denser vegetation covers (values approaching 1). The typical range is between about 
-0.1 (for a not very green area) to 0.6 (for a very green area) (Carlson et al., 1997; Gamon et al. 
1995). 
 
The Landsat images were radiometrically, atmospherically and topographically corrected 
(Zhang & Li, 2011; Mahiny & Turner, 2007; Liang et al., 2001; de Mûelenaere et al., 2014). 
For haze corrections of the satellite imageries the point spread method (Che-Yen & Chien-
Hsiung, 2002) with 3 by 3 kernel method was applied because the haze effect is very low in the 
imagery. The TM and ETM+ were atmospherically corrected using the Cosine Theta (COST) 
model (Chavez, 1996). The model has two steps. The first step is used to convert the DN values 
(binary data) to radiance at satellite level: 
L = Gain x DN + Bias           (3.1) 
where L = spectral radiance measured over spectral bandwidth of a channel, DN = digital 
number value recorded, Gain = (Lmax - Lmin)/255, Bias = Lmin, Lmax = radiance measured at 
detector saturation in m W cm-2 ae-1, and Lmin = lowest radiance measured by the detector in m 
W cm-2 ae-1 
In a second step, the radiance values were converted to real reflectance value: 
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            (3.2) 
where, ρ = reflectance as a function of bandwidth, d = earth-sun distance correction, L = spectral 
radiance measured over spectral bandwidth of a channel, E0 = exoatmospheric irradiance, and 
θs = solar zenith angle. 
 
For topographic corrections, the Aster DEM with 30 m resolution was used. The topographic 
correction was done based on the Lambertian reflectance model, Cosine Correction (Colby, 
1991; Smith et al., 1980; Karathanassi et al., 2000; Füreder, 2010) using:  
LH = LT cosθs / cos i                   (3.3) 
where LH=reflectance of a horizontal surface, LT=reflectance of an inclined surface, θs  is the 
sun’s zenith angle, and i is the incidence angle. 
The incidence angle was determined using the following formula: 
cosi = cosθs Cos α + sinθs sinα cos (ϕs - ϕα)        (3.4) 
where θs is the sun’s zenith angle, α is the terrain’s slope angle, ϕs is the sun’s azimuth angle, 
ϕα is the terrain’s aspect angle. 
 
NDVI maps of the study area (the graben bottom and the escarpments surrounding the graben) 
were prepared using the NDVI formula: NDVI = ୒୍ୖ	ି	ୖୣୢ
୒୍ୖ	ା	ୖୣୢ
            (3.5) 
using bands 3 (Red) and 4 (NIR) for TM and ETM imageries.  
3.2.4 Establishing vegetation cover trajectories of the escarpment 
In order to investigate the impact on the NDVI values of newly grown grasses that result from 
rain showers during the dry seasons (when the images are captured), a preliminary analysis was 
done for the areas in the upper catchments covered by NDVI values greater than 0.5 assumed 
to correspond to denser and healthier vegetation to have higher NDVI values (Ghorbani et al., 
2012). The obtained values over time were compared with average NDVI values and their trend 
of change for the years from 1986 – 2010. Both series show the same trend. Thus, the average 
NDVI was used to analyze vegetation cover. 
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The changes in vegetation for the last four decades were detected using Image Differencing 
(Coppin et al., 2004; İlsever & Ünsalan, 2012). In this method images of the same area, obtained 
from times t1 and t2, are subtracted pixelwise:  
Id (x, y) = I1(x, y) − I2(x, y),            (3.6) 
where I1 and I2 are the images obtained from t1 and t2, (x, y) are the coordinates of the pixels. 
The resulting image, Id, represents the intensity difference of I1 from I2. This method was used 
to prepare the trajectory maps. 
3.2.5 Quantifying the river length in the graben bottom 
Active streams have no vegetation that cover their bed. They can be detected by contrasting 
from areas around them by their reflectance values as areas around river courses have vegetation 
covers at various densities. Thus, it is possible to detect active streams using NDVI. The NDVI 
values of the graben bottom were classified in order to recognize the rivers. For classification, 
the average NDVI of each period was taken as a threshold. NDVI values below average were 
considered to have low or no vegetation cover and NDVI values above average were considered 
to have dense vegetation cover. This classification was used to distinguish the river beds 
(without vegetation) from other features and is relatively independent from antecedent rainfall 
conditions. The classification was implemented for the different images between 1986 and 2010 
(Fig. 3.3). After classification of the NDVI values, the rivers were extracted by manual 
digitization following the linear stream features in the classified image in ArcGIS. The length 
of the rivers was calculated for all the main courses and the distributaries in the graben bottom 
in ArcGIS. For accuracy assessment, a percent error was analyzed by comparing the length of 
rivers extracted from NDVI with the length of rivers extracted from Google Earth (CNES SPOT 
imagery) for the year 2005. The percentage error was calculated by dividing the absolute total 
errors of the 20 catchments by the total length of rivers extracted from Google Earth (reference) 
and was found to be less than 10%. 
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Figure 3.3 Classification of NDVI values from 1986 to 2010 (shown for part of the study area 
as example) on the basis of the average NDVI. Pixels with an NDVI below the year’s average 
NDVI are classified as 0, and pixels above the average NDVI are classified as 1. 
3.2.6 Extracting areas covered by the rivers in the graben 
The currently available SPOT imagery of 2005 from Google Earth was used to extract the areas 
occupied by rivers (total area of the channels) in the graben bottom (Fig. 3.4). As shown in 
Frankl et al., (2013), GIS-integrated Google Earth imagery allows studying hydrographic 
features at acceptable accuracies (ca. 5 m) in Northern Ethiopia. Google Earth images are also 
used for various applications such as for mapping land conversions (Jacobson et al., 2015), 
ecosystem based river assessment (Large and Gilveer, 2015), accident site reconstruction 
(Wirth et al., 2015), building height estimation (Qi et al., 2016), and identifying stone-walled 
structures (Sadr, 2016). The areas occupied were calculated by dividing the distributary 
channels of the rivers into different stream orders, based on a reversed Strahler’s (1952) stream 
order for tributaries and Billi’s (2007) stream orders for distributaries. For streams which do 
not have well delimited river courses like the expansion reaches, signs of floods and vegetation 
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were taken to determine their widths. In total, 664 (out of which 342 for first order, 277 for 
second order, and 45 for third order reach) sample width measurements were taken in 20 rivers. 
The areas occupied by the distributary channels systems of the rivers were calculated and 
mapped using Buffer Analysis method (Chakraborty and Armstrong, 1997) in ArcGIS. 
 
 
Figure 3.4 Examples of sample stream width measurement for different stream distributary 
orders in the graben bottom, taken from Google Earth imagery. 
3.2.7 Quantifying the controlling factors 
Area, compactness, gradient, vegetation cover and extremely degraded land of upper 
catchments, and gradient of graben bottom were considered as explanatory factors. Area was 
calculated for all the catchments in the escarpment in ArcGIS. Compactness of the upper 
catchments was calculated using the IPQ formula (Osserman, 1978; Li et al., 2013):  C୍୔୕ = ସ஠୅୔మ ,                (3.7) 
where CIPQ is the compactness value, P is the perimeter and A is the area of the shape. A shape 
with a high value of CIPQ is more compact than a shape with a lower CIPQ. For the gradient of 
upper catchments the average slope gradient of each catchment in the escarpment is taken. The 
slope gradient of the graben bottom is calculated from the foot of the escarpment up to four 
kilometers downstream (where most of the rivers start bifurcating). Vegetation cover and area 
of extremely degraded land are determined using NDVI. For vegetation cover the average 
NDVI was taken whereas for the extremely degraded land NDVI value ≤0 was considered. In 
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order to see the link between the upper catchment characteristics and the river morphology 
(length and area) in the graben bottom, standard multiple regression method was applied. 
3.3 Results  
3.3.1 Controlling factors 
There is variation in the length and average NDVI of the catchments over the years between 
1986 and 2010 (Table 3.1).  The other controlling factors, namely, area (average = 84 km2 ± 
83), gradient (average = 37 % ± 7) and compactness (average = 0.38 ± 0.09) of upper 
catchments also show variation among the 20 catchments. Most of the upper catchments have 
average slope gradients above 30%. Similarly, there are variations in slope gradients in the 
graben bottom (average = 3% ± 2) and area occupied by the rivers in the graben bottom (average 
= 3.9 km2 ± 3.8) among the catchments. The slope gradients in the graben bottom are very steep 
in the study area which maybe characteristic of torrential rivers in other areas. 
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3.3.2 Length of rivers in graben bottom and bio-physical controls 
The rivers for 20 study catchments were mapped from NDVI for the different images between 
1986 and 2010 (Fig. 3.5). In order to examine the relationship between length of rivers in graben 
bottom and bio-physical factors, multiple regression analysis was performed with six variables 
(area, compactness, gradient, vegetation cover and extremely degraded land of upper 
catchments, and gradient of graben bottom). In the multiple regression model, only the area of 
the upper catchments was significantly correlated to length of rivers in the graben bottom (R² 
= 0.57, p < .0001, n = 80) (Fig. 3.6). The positive regression weight indicates that larger 
catchments have longer river lengths in the graben bottom. Hence, a linear regression equation 
is used to predict the relationship between upper catchment area and river length in a graben 
bottom: 
LRGB = 0.13A + 6.46,              (3.8) 
where LRGB = length of rivers (km)  in the graben bottom and A = area of upper catchment 
(km2); indicating that the length of rivers in the graben bottom increases on average by 13 km 
with an increase of  the upper catchment area by 100 km2. 
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Figure 3.5 Map of the length of the rivers in the graben bottom for a few catchments in the 
Raya Graben. 
 
 
Figure 3.6 Correlation between upper catchment area and river length in the graben bottom 
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3.3.3 Area occupied by rivers and bio-physical factors  
The average width calculated in each stream order for the 20 catchments was used to determine 
the areas occupied by the ephemeral rivers in the graben bottom in 2005 (Fig. 3.7). The 
relationship between area occupied by the rivers in the graben bottom on the one hand and 
various predictor variables (average NDVI, area, compactness, gradient and extremely 
degraded land of upper catchments, and gradient of graben bottom) was analyzed using multiple 
regression. In the regression analysis, area of upper catchments was significantly correlated (R² 
= 0.66, p =.0001, n=20) and accounted for approximately 66% of the variance of area occupied 
by the rivers in the graben bottom; larger catchments have larger area occupied by the rivers in 
the graben bottom (Fig. 3.8). Finally, a linear regression equation is used to predict the area 
occupied by the rivers in the graben bottom:  
ARGB = 0.04A + 0.562,          (3.9) 
where ARGB = Area occupied by river (km2) in the graben bottom and A = area of upper 
catchments (km2). This indicates that the area occupied by the rivers in the graben bottom 
increases on average by 4 km2 with an increase of the upper catchment area by 100 km2. 
 
 
Figure 3.7 Map of the area occupied by the ephemeral rivers in the graben bottom for a few 
catchments in the Raya graben, 
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Figure 3.8 Correlation between upper catchment area and area occupied by the rivers in the 
graben bottom. 
3.3.4 Magnitude of vegetation cover change  
Vegetation cover in the western steep escarpments of the study area was analyzed using NDVI 
for the period between 1986 and 2010 (Fig. 3.9 left). The changes in vegetation cover were 
categorized as decreased (>10%), some decreased (<10%), no change, some increased (<10%), 
and increased (>10%) based on the difference in intensity of the changes in NDVI values (Fig. 
3.9 right and Table 3.2). The result show that there was a strong increase in vegetation cover of 
nearly 42% from 1986 - 2000, 31% from 2000 - 2005, and 0.4% from 2005-2010. There is also 
intense decrease of nearly 11% from 1986 - 2000, 7% from 2000 – 2005 and 24% from 2005 - 
2010. These changes show that there was large increase of vegetation cover during the periods 
between 1986 and 2005. For the rest of the years the rate of increases is very low. The decreases 
in vegetation cover were large in the periods between 2005 and 2010. Overall, vegetation cover 
increased from 1986 to 2010. 
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Table 3.2 Changes in vegetation cover in the steep western escarpments of the Raya graben 
from 1986 to 2010. 
   1986-2000 2000-2005 2005-2010 1986-2010 
    
Area 
(km2) 
Area 
(%) 
Area 
(km2) 
Area 
(%) 
Area 
(km2) 
Area 
(%) 
Area 
(km2) 
Area 
(%) 
Decreased   179.7 10.8 121.3 7.3 1395.2 84.0 160.2 9.7 
Some decrease   407.9 24.6 353.8 21.3 198.8 12.0 530.5 32.0 
No change   13.1 0.8 7.4 0.4 4.6 0.3 5.4 0.3 
Some increase   364.7 22.0 669.8 40.3 54.6 3.3 557.7 33.6 
Increased   694.8 41.9 507.8 30.6 6.8 0.4 406.0 24.5 
Total   1660 100 1660 100 1660 100 1660 100 
 
 
 
Figure 3.9 NDVI values from 1986 – 2010 (left) and Trajectory map of the changes in 
vegetation cover (calculated from NDVI difference) of the escarpment along the Raya graben 
from 1986 – 2010 (right). Larger maps are presented in Appendix C (Fig. C-1 and C-2). 
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3.3.5 Relation between vegetation cover and length of rivers 
The relation between vegetation cover in the upper catchments and the length of the ephemeral 
rivers in the graben bottom were analyzed using average NDVI calculated for different images 
between 1986 and 2010 (Fig. 3.10). The average NDVI in the upper catchment indicates an 
increasing trend. Similar trend is also shown in the length of rivers in the graben bottom. The 
vegetation cover conditions from the mid of 1980s to 2000 were relatively stable/less variable 
(average NDVI of 0.34 ± 0.065) with increase of 25% in 15 years period. The rate of increase 
in the vegetation cover was relatively sharp (22.5%) in 5 years period from 2000 to 2005.  In 
contrast, there is a sharp decrease (3%) from 2005 towards 2010. There was a slight increase in 
length of rivers between 1986 and 2000 with increasing NDVI. During the period between 2000 
and 2010, however, the length of the rivers tends to show a trend inverse to the NDVI. Length 
of rivers in the graben bottom tend to decrease with increased vegetation cover in 2005.  Even 
though there is no significant relationship between NDVI and length of rivers, in recent years, 
the proportion of farmland in the escarpment showed (chapter 2) a trend (41% in 2000 and 34% 
in 2005) parallel to the length of the rivers in which higher proportion of farmland in the 
escarpment tend to cause longer rivers in the graben bottom. The increase in the length of rivers 
with increase in vegetation cover in the period 1986 – 2000 and the reversal in river length after 
200 seems to be also related to lag time. 
 
 
Figure 3.10 Evolution of the average length of rivers per catchment in the graben bottom and 
average NDVI of upper catchments. 
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3.4 Discussion 
In this study a multiple regression analysis was performed to assess a relationship between 
length and areas occupied by ephemeral rivers in the graben bottom and bio-physical predictor 
variables (average NDVI, area, compactness, gradient and extremely degraded land of upper 
catchments, and gradient of graben bottom) in 20 upper catchments. But only area of upper 
catchments was significantly correlated. The area of upper catchments alone explains 
approximately 58% of the variance in the length of rivers and 66% of the variance in the area 
occupied by the rivers in the graben bottom. This indicates that larger catchments have longer 
lengths of and larger areas occupied by the rivers in the graben bottom which can perhaps be 
attributable to the volume of surface runoff from the catchments (Nyssen et al., 2010). 
  
As bio-physical factors, the area of extremely degraded land (with NDVI ≤ 0) and average 
NDVI did not show strong correlation in the 20 catchments. This is perhaps due to the stable 
vegetation cover conditions between the mid of 1980s and 2000 in the study area (average 
NDVI of 0.34 ± 0.065). The vegetation cover during this period was not very dense to 
significantly affect runoff response (Harrold et al., 1962; Dragoun & Harrold, 1971; Bruijnzeel, 
2004; Nyssen et al., 2010) and there by the length of the rivers. Related to this in many studies, 
it is believed that an increased forest density results in reduced runoff and sediment yield 
(Ibisate et al., 2011; Vanmaercke et al., 2014; Sanjuán et al., 2014) which in turn results in 
simplifying channels from braided to single channel form. But historic changes in channel 
morphologies of ephemeral rivers have also been linked to bank and floodplain vegetation (for 
example Hadley, 1961; Graf, 1978; Lichter & Klein, 2012). Hence, it could probably also be 
due to the latter reason that vegetation cover in upper catchments was not statistically strong 
explanatory factor to changes in the morphology (length, area) of the dryland ephemeral rivers 
in the graben bottom. But the role of flood plain vegetation needs to be investigated in order to 
have integrated findings that would support decision makers related to river stabilization. It 
could also be attributed to the slow response of the river systems to change in vegetation cover 
due to the buffer effect of sediment available on slopes and stored in the channels. 
 
Though researches (for example, Sharma et al., 1986) show that steep slope plots yield more 
runoff (which is anticipated to be an important factor for the flashy floods in the dryland 
ephemeral rivers) than those with gentle slopes, in this research the gradient (both in upper 
catchments and graben bottom) is not found to be an important explanatory factor. This is most 
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probably related to the fact that slope gradients are steep (average of 37.2% ± 7.3) in all upper 
and gentle (average of 3.4% ± 1.7) in graben bottom catchments. Similarly, compactness is not 
an important explanatory factor of the morphology of the rivers in the graben bottom. This is 
probably due to low variation in compactness among the upper catchments (average of 0.4 ± 
0.1). 
 
Regarding the trend of vegetation cover in upper catchments and the length of rivers in the 
graben bottom, the vegetation cover in the upper catchments shows an increasing trend over the 
last 40 years. There was low and less variable vegetation cover conditions during the period 
between the mid of 1980s and 2000 in the upper catchments; the changes are smaller over a 
period of 15 years as compared to the period after 2000. In this period there was little increase 
in the vegetation cover which most probably is due to three reasons: (i) the exceptional drought 
prevailed in Northern Ethiopia around 1985. The period around 1985/1986 was characterized 
by severe drought in the Northern part of the country which in effect might have resulted in less 
variant vegetation cover in the study area from the mid of 1980s to 2000; (ii) tree cutting around 
1991 (Holden, 2003). Though there were tree plantings (dominantly of the Juniper and 
Eucalyptus trees) through  industrial and peri-urban plantation, and community woodlots before 
1991 in Northern Ethiopia, these trees were partly cut with the change of government in 1991 
(Holden, 2003). Despite the fact that rehabilitation activities started in 1991 with the coming 
into power of the current government (Kumasi and Asenso-Okyere, 2011), based on the 
relationship between vegetation cover and river morphology, it seems that the effect of the soil 
and water conservation activities (Nyssen et al., 2009; Frankl et al., 2012) on hydrology 
(Descheemaeker et al., 2006) was not visible before 2000; and (iii) the long lasted civil war in 
the Northern part of Ethiopia before 1991. By the same token, the civil war in this part of the 
country might have contributed significantly to the low and less variable vegetation cover in 
this period. During civil wars aerial bombing and indiscriminate mortar fire may cause forest 
fire. It also prevents the government or private agencies to from implementing reforestation, 
forest protection or agroforestry activities (Utting, 1993). During the long lasted civil war in 
northern Ethiopia, and the resulted political instability, in addition to the direct effect of the war 
on forest firing, ownership of catchments was not taken care of and people cut trees as there 
was no one to take legal measures. Furthermore, civil wars enhance migration of people and 
the migrants used the communal resources illegally to sustain life. 
 
At shorter time scale, as the average NDVI indicates, the rate of increase in vegetation cover is 
very sharp from 2000 to 2005. This is probably attributed to the conservation activities that 
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were prevalent in Northern Ethiopian Highlands (Nyssen et al., 2007; Aerts et al., 2007; 
Descheemaeker et al., 2008). The high increase in vegetation cover from 2000 to 2005 (Fig. 
3.11A.) is due to the soil and water conservation activities that took place starting from 1991. 
Contrarily, there is a sharp decrease from 2005 towards 2010 which is related to incrrease in 
farmland by 10.6%, and decrease in grassland (7%), bushland (4.3%) and forest (1%) of the 
western steep escarpment (Annys et al., 2016) (chapter 2). Deforestation activities (such as 
cutting of Juniper, Eucalyptus trees and other woody vegetation) for construction and 
commercial purposes (Fig. 3.11B) are exemplary. Generally, there is an increasing trend of 
vegetation cover in the escarpments of the Raya Graben. 
  
  
The length of rivers in the graben bottom did not  have a significantly relation to the vegetation 
cover in the escarpment. However, there is discord in the trend of NDVI and length of rivers in 
the graben bottom between 2000 and 2010 which may indicate the potential relationship 
between the ephemeral rivers in the graben bottom and the vegetation cover in the head waters. 
Hence, next to area of the upper catchments, vegetation cover in the head waters can be counted 
as a secondary control of  the morphodynamics of ephemeral rivers and their distributary system 
in the graben bottom. 
 
 
Figure 3.11  (A) Short and uniform stands of vegetation as indicators of recent regeneration 
(B) cutting of eucalyptus trees. Photographs: south west of Waja town (A) and north west of 
Tekulesh in the western escarpment (July 2014) - by Biadgilgn Demissie. 
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3.5 Conclusion 
From the study of 20 catchments, we conclude that catchment area is the most important 
controlling factor for the length of and the area occupied by the ephemeral rivers in the graben 
bottom. Catchment area determines about 57% of the variance of the length of rivers and about 
66% of the variance of the areas occupied by the rivers in the graben bottom. Larger catchment 
areas in the escarpment bring about longer channels and larger area occupied by rivers in the 
graben bottom. Though there is no considerable relationship between vegetation cover and river 
length, they show an inverse trend in recent years in the graben bottom. Hence, the role of 
vegetation cover should not be denied; it can be counted as a secondary controlling factor of 
river morphology in the graben bottom. Its lower controlling power could be because the upper 
catchments are not densely vegetated to sufficiently impact runoff responses and thereby the 
morphology of the rivers. 
  
As a concluding remark we establish that measures geared towards reducing the impacts of 
dyrland ephemeral rivers on agricultural systems and thereby the livelihood of the society in 
plains need to focus on rehabilitation activities (soil and water conservation) in both the river 
reaches and upper catchments. 
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Chapter 4 Excessive river sediment 
deposition at bridges in the graben bottom 
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This chapter is modified from: 
 
Biadgilgn Demissie, Billi P, Frankl A, Mitiku Haile, Nyssen J. 2016. Excessive river 
sedimentation at bridges in the Raya graben (northern Ethiopia). Land Degradation and 
Development, online early view. DOI: 10.1002/ldr.2572. 
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Abstract 
This study investigates the temporal variability and effects of bio-climatic factors 
and bridges on local hydro-geomorphic conditions that cause excess 
sedimentation and flood hazard in ephemeral rivers of the Raya graben (northern 
Ethiopia). Normalized Difference Vegetation Index (NDVI) was analyzed using 
Landsat imageries of 1986, 2000, 2005, 2010, and 2014. Daily rainfall data of 
three meteorological stations were considered to analyze the temporal trends, and 
return time intervals of rainfall intensity in 24 hours. Streambed gradient and bed 
material grain size were measured in 22 river reaches. Results show that the 
maximum NDVI values were recorded in the time interval from 2000 to 2014. 
Nevertheless, during this decade the study bridges experienced the largest excess 
sedimentation, in some bridges up to 1.6 m. Similarly, no evidence of rainfall 
pattern accountable for an increase in sediment delivery from the headwaters is 
found. The field data show that channel narrowing at  bridges  is the main cause 
of thick upstream sedimentation and of increasing frequency of overbank flows 
during the last 15 years. A simple hydraulic approach is presented to explain the 
variability of sediment deposition at bridges and change in bed material grain size 
between the main stem and the reach right upstream of the bridge.  
Key terms: sedimentation, ephemeral streams, bridge clogging, specific energy, bedload 
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4.1 Introduction 
Soil erosion is a global problem which affects various aspects of human concerns in all 
climatic, topographic and economic conditions. It is a serious problem in temperate areas 
(Panagos et al., 2016; Borrelli et al., 2016), Mediterranean areas (Prosdocimi et al., 2016), 
tropical areas (Biswas et al., 2015; Erkossa et al., 2015), and subtropical climatic conditions 
(Seutloali and Beckedahl, 2015). Worldwide, soil erosion, sediment transport and deposition 
are complex and non-linear processes which make measurement and prediction related to 
sediment supply very difficult (Aksoy & Kavvas, 2005). It is because soil erosion and sediment 
supply are complex process controlled by bio-physical factors such as precipitation, local 
topography, soil, vegetation cover, land use and other human activities (Walling, 1994; Kondolf 
et al., 2002; Nigussie et al., 2008; Tian et al., 2015; Prosdocimi et al., 2016). For example, 
precipitation provides the basic energy for the erosion process and rainfall intensity strongly 
determines in-channel sediment storage and yield (Buendia et al., 2015). Similarly, the spatio-
temporal conditions of vegetation cover (disturbed or undisturbed) determine the sediment 
production in catchments (Borrelli et al., 2015); yet the tradeoff between precipitation and 
vegetation is difficult to understand. Therefore, spatial and temporal variability in rainfall 
intensity, vegetation cover, and other upper catchment properties may influence the quantity of 
sediment production in upper catchments and the consequent sedimentation in the river lower 
reaches and flood plains. In drylands, even though rainfall may be erratic and limited, rivers 
have high sediment loads because the sparse vegetation on slopes favors high erosion and 
sediment supply rates (Graf, 1988). 
  
Besides, local hydro-geomorphic processes  at flood plains or active channel reaches, such as 
slope gradient and/or channel geometry are also important factors that affect river morphology 
(flooding, generalized bank erosion, sedimentation, aggradation, and changes in the river 
pattern) (Arnaud-Fassetta et al., 2005). The changes in river cross-section due to the 
construction of hydraulic structures disturbs the flow in the contracted reach and near to it. The 
local transition may change the flow regime and the flow may be subcritical, critical or 
supercritical (Negm et al., 2003). The energy loss due to confining and increased sheer stress 
of flood waters, and back water effects slow down the flow velocity (Bradley, 1978) and may 
have roles in bridge reach sedimentation. Similar to other parts of the world (with few 
exceptions such as Odgaard and Wang, 1990; Jaeggi, 2007; Conesa-García and García-
Lorenzo, 2014), there is lack or even absence of data on river sedimentation in Ethiopia despite 
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its relevance for important infrastructures such as dams, bridges and roads. A few studies dealt 
with sediment deposition and yield in catchments (Descheemaeker et al., 2006; Nyssen et al., 
2008, 2009; Frankl et al., 2011; Lanckriet et al., 2015) and small reservoirs (Nigussie et al., 
2008; Mekonnen et al., 2015) , whereas Billi (2008, 2011, 2016) investigated sediment transport 
processes in a few ephemeral streams of the Raya graben and measured bedload in one of them. 
This marginal graben of the Ethiopian Rift Valley northern branch is a typical semi-arid 
depositional area onto which several ephemeral rivers draining the graben shoulders transfer 
large quantities of sediment through the main river stems and wide distributary systems. 
  
Such a large sediment supply to the graben bottom impacts farming activities by inducing 
channel avulsion, bifurcation and lateral channel mobility in the distributary systems and 
aggradation in the river reaches upstream of the bridges (Fig. 4.1) on the main road connecting 
Addis Ababa with Mekelle and running parallel to the western side of the graben bottom. In the 
last decade, the excess sedimentation has almost closed the bridge spans exacerbating the flood 
hazard to such an extent that the local authorities have suggested to abandon the small town of 
Waja and reconstruct it in a safer place far from the river (at the currently small town of 
Timuga). In order to reduce the flood risk, part of the sediment deposited at bridges has been 
removed but the factors that control such a thick deposition are not yet well known. Therefore, 
the purposes of this chapter are to investigate (i) the impacts of the bio-physical and hydro-
climatic factors in the upstream catchments and their temporal variability in controlling the 
sediment supply to the downstream channel reaches and (ii) the effect of bridges on the local 
hydro-geomorphic conditions, the excess sedimentation  and flood hazard. Hydro-geomorphic 
conditions here points to the sediment transport and stream power conditions at upstream and 
bridge reaches that would probably be affected by channel narrowing towards bridges. Excess 
sedimentation refers to the thick sedimentation that clogs bridges and which forced the 
adminstration to excavate. Flood hazard indicates the implied consequences of the bridge 
clogging that cause floods to flow over the bridges and upstream channel banks. 
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Figure 4.1 Thick sediment deposition in Gobu River at the small town of Waja (location on 
figure 4.2). Gobu bridge near the town of Waja (April 2015) - photo by Biadgilgn Demissie. 
4.2 Materials and methods 
4.2.1 The study area 
The Raya graben is a 3750 km2 semi-closed marginal basin along the northern branch of 
Ethiopian Rift Valley. It has an almost rectangular shape stretching in a south-north direction 
and it is located between 12° - 13°N and 39.5°- 39.8°E (Fig. 4.2). The highest mountains make 
up the western graben shoulder, with the highest peak at 4284 m a.s.l., whereas the eastern horst 
is characterized by lower elevation (with the maximum at 2335 m a.s.l.). The graben floor lies 
between 1400 and 1500 m a.s.l. The escarpments are composed of Tertiary volcanics (mainly 
basalts of the trap series), whereas the graben floor is predominantly filled with Quaternary 
alluvial deposits (KAADP, 1976; Panagos et al, 2011) and punctuated by a few more recent, 
small rhyolite and trachyte plug hills (Merla et al., 1979; Billi, 2007). 
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Figure 4.2 The study area. Numbering refers to bridges in Table 4.3. 
 
In the study area, there are only three meteorological stations with a relatively long and 
continuous data record. They are Korem (1994-2011, 18 years of data) and Maychew (1977-
2011, 26 years) in the upland and Alamata (1979-2011, 20 years) on the graben floor, at the 
escarpment base. The precipitation distribution is basically divided into three distinct seasons: 
(i) the dry season from October to February; (ii) the small rain season from March to May 
separated by the dry month of June from the (iii) the big rain season from July to September 
(Fig. 4.3). 
 
The average total annual precipitation amounts to 750.4 mm with 143 mm in the dry season, 
219.9 mm in the small rain seasons, and 374.8 mm in the big rain season in Alamata (graben 
bottom) and a total of 889.1 mm with 147.7 mm, 200 mm, and 509.4 mm in the distinct seasons 
respectively based on precipitation of the upland rain gauges of Korem and Maychew (Fig. 4.3). 
 
The major drainage system of the Raya graben is in the western escarpment; the eastern 
drainage system consists of short streams running westwards down from the horst. Most of the 
rivers are ephemeral that end up in the graben bottom that has two outlets in the southeast 
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direction. Distributary systems of the rivers have relatively unrestricted channels as a result of 
which they are free to bifurcate and migrate laterally and to occupy wide areas along way (Billi, 
2007; Biadgilgn et al., 2015) (chapter 3). 
 
In the study area various catchment rehabilitation activities were in practice since the end of 
1980s. Both physical structures, such as stone bunds, terraces, soil bunds, trenches and check 
dams; and reforestation measures including establishment of enclosures on highly degraded 
steep slopes have been implemented (Nyssen et al., 2010; Mengistu et al., 2005; Munro et al., 
2008). The study catchments are dominated by farmland and bushland (dense shrub) (Annys et 
al., 2016) (chapter 2) with prominently increased erosion occurred between mid of 1960s and 
1990s (Frankl et al., 2013) due to deforestation. The eroded materials from the steep 
escarpments are deposited as colluvium and river alluvium in the graben bottom at the foot of 
the escarpment (Tesfaalem et al., 2016). 
 
The bridges in the study area are found on average 1.9 ± 1.6 km downstream from the foot of 
the escarpment along the main road between Addis Ababa and Mekele. They were constructed 
in the late 1930s during the Italian occupation of the area. However, since most of them were 
destroyed during battles between the Italian and British armies in 1941, these bridges were 
reconstructed in 1950s during the first highway program of the Ethiopian Imperial Highway 
Authority (Emmenegger, 2012). As part of the ten year Road Sector Development Programme 
I (RSDP), launched in 1997, and RSDP II in 2002, new bridges were built in 2002 and 2011 in 
the study area (ERA, 2007; Emmenegger, 2012). Some of these bridges maintained the original 
size and the stone masonry piers structure whereas the superstructure was replaced by a concrete 
deck. In our field work, we have observed that the most recent bridges are made of concrete 
(Fig. 4.1) and have a smaller size compared to the old ones.  
 
  97 
 
 
Figure 4.3 Average monthly rainfall distribution in the study area. 
4.2.2 Bio-physical characteristics of the upper catchment 
As a proxy for vegetation cover, Normalized Difference Vegetation Index (NDVI) was 
analyzed for the study area. NDVI is a parameter that compares the infrared and red bands of 
the electromagnetic radiations reflected and, hence, it provides us information about the 
vegetation conditions, in terms of cover density and greenness (chapter 3). Average NDVI was 
therefore measured for each study river catchment in different periods, namely 1986, 2000, 
2005, 2010 and 2014 during the dry season between November and January (Table 4.1). 
 
For the NDVI analysis, Landsat images of 1986, 2000, 2005, 2010, and 2014 were used (see 
Appendix A1, Table A1-1). The Landsat images were radiometrically, atmospherically and 
topographically corrected (Zhang & Li, 2011; Mahiny & Turner, 2007; Liang et al., 2001; de 
Mûelenaere et al., 2014). For haze corrections of the satellite imageries the point spread method 
(Che-Yen & Chien-Hsiung, 2002) with 3 by 3 kernel method was applied because the haze 
effect is very low in the imagery. The Landsat images were atmospherically corrected using the 
Cosine Theta model (Chavez, 1996). The model has two steps. The first step is used to convert 
the DN values (binary data) to radiance at satellite level: 
L = Gain x DN + Bias ,          (4.1)  
where L = spectral radiance measured over spectral bandwidth of a channel, DN = digital 
number value recorded, Gain = (Lmax - Lmin)/255, Bias = Lmin, Lmax = radiance measured at 
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detector saturation in m W cm-2 ae-1, and Lmin = lowest radiance measured by the detector in m 
W cm-2 ae-1 
In a second step, the radiance values were converted to real reflectance value: 
஡	ୀ	
ಘౚమ	ై
ుబ	ిో౏ಐ౩
,            (4.2)   
where ρ = reflectance as a function of bandwidth, d = earth-sun distance correction, L = spectral 
radiance measured over spectral bandwidth of a channel, E0 = exoatmospheric irradiance, and 
θs = solar zenith angle. 
 
For topographic corrections, the Aster DEM with 30 m resolution was used. The topographic 
correction was done based on the Lambertian reflectance model, Cosine Correction (Colby, 
1991; Smith et al., 1980; Karathanassi et al., 2000; Füreder, 2010) using:  
LH = LT cos θs / cos i,                   (4.3)   
where LH=reflectance of a horizontal surface, LT=reflectance of an inclined surface, θs  is the 
sun’s zenith angle, and i is the incidence angle. 
The incidence angle was determined as: 
cos i = cos θs cos α + sin θs sin α cos (ϕs - ϕα)        (4.4)    
where θs is the sun’s zenith angle, α is the terrain’s slope angle, ϕs is the sun’s azimuth angle, 
ϕα is the terrain’s aspect angle. 
 
NDVI of every pixel in the study area was then calculated as: NDVI = ୒୍ୖ	ି	ୖୣୢ
୒୍ୖ	ା	ୖୣୢ
,           (4.5)       
where NIR = reflectance in the Near Infrared band, Red = reflectance in the red band of the 
electromagnetic energy that is reflected by vegetation.  
NDVI for the Landsat images of 2014 (Landsat 8) were obtained from the USGS. Catchments 
in the western escarpment draining to the bridges were delimited and their areas were calculated 
in ArcGIS. 
4.2.3 Rainfall 
Daily precipitation data over the study catchments were analyzed using the time series of three 
rain gages installed by the Ethiopian Meteorological Agency (EMA), namely Maychew, Korem 
and Alamata (Fig. 4.2). Though Alamata and Maychew have a longer time series than Korem, 
also punctuated by several gaps, for uniformity with this latter rain gauge the interval between 
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1993 and 2011 was considered. The time series diagrams for annual rainfall, the yearly 
maximum daily rainfall intensity, the yearly maximum rainfall during two consecutive days 
and the average rainfall for the days in which precipitation exceeds average daily precipitation 
plus two times the standard deviation for the rainy season (Wheeler and Chambers, 1992), 
constructed for precipitation extremes, are assumed to cause peak discharges and then high 
sediment transport and deposition in the graben bottom. 
 
 Those most extreme short duration rainfalls, most common in drylands, are hydrologically 
those which result in large floods (Viglione and Blöschl, 2009). In small catchments like our 
study catchments (with 4 – 274 km2) which have short response times (also due to their steep 
slopes of 0.4 m m-1 on average), it is usually the short duration rainfalls that produce large 
floods (flash-floods). Hourly rainfall intensity data for Ziway, in the Ethiopian Rift Valley, and 
Mekele, in northern highlands, show that high intensities of around 20 mm/hr are rather 
common, with peaks of 40-44 mm/hr (Fazzini et al, 2015). Unfortunately, only daily data are 
available for the meteorological stations in the study area; the rainfall intensity in 24 hours for 
the return time intervals of 2, 5, 10 and 20 years were then calculated with the log-normal and 
the Gumbel extreme events method. 
4.2.4 River channel, bed material deposition and grain size 
In this study, 20 river reaches upstream (> 200 m) of as many bridges were selected. Six of 
them are anabranches of distributary systems, whereas 14 are main river stems. At each bridge 
the upstream reach was divided into two parts: 1) the site just upstream of the bridge directly 
influenced by the local hydro-morphological process and 2) the channel portion unaffected by 
the bridge narrowing and backwater during large floods. This zonation was determined in the 
field based on the channel slope gradient change from the bridges to upstream channel reaches. 
This latter reach is long from one to two channel widths and centered on a representative cross-
section. At both the bridge and the upstream channel, width, streambed gradient and bed 
material grain size were measured in the field. At the bridge, channel width is actually the total 
bridge span, whereas in the upstream channel, width is bank to bank distance which commonly 
corresponds also to bank full width. The study rivers, are all ephemeral, that is their bed is dry 
for most of the year and water flows sporadically, only in response to intense rainfall in the 
upstream catchments. These rivers are incised into the graben alluvium and typically have 
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steep-walled banks and a flat-floored channel morphology with rectangular, arroyo-like shape 
of the cross-section (Graf, 1988; Vogt, 1997). 
  
The streambed gradient was measured with a Leica Disto D8 distance meter (which measures 
elevation difference and distance, and automatically calculates slope gradient) over a 100 m 
distance, whereas bed material grain size was measured using the transect line, frequency by 
number method (Leopold, 1970). Since bed material consists of a large proportion of sand, the 
comparator method of Billi (2016) was used for sediment finer than 3.0 phi (0.125 mm). This 
method allows to visually compare grain sizes at a regular interval along a transect with 
laboratory predefined grain sizes in the comparator, arranged on a ½ phi scale. Grain sizes were 
measured at 1 m interval along transects across river bed cross-sections. For the bridge reaches, 
the measurements were taken in front of the bridges in upstream direction. Grain size frequency 
curves, were obtained from data arranged on ½ phi size classes and characteristic diameters 
such as D50, D84 and D90, distribution parameters such as sorting, skewness and kurtosis were 
calculated as well (Blott and Pie, 2001). Sediment deposited at the bridge location was 
measured by opening pits under the bridges that were built in 2002. Pits opened by the local 
people for sand excavation were also used to measure the range of depostion thicknesses by a 
single flood event. 
4.2.5 Local hydro-geomorphic processes at channel reaches 
We analyzed the local hydro-geomorphic processes at bridge reaches as we also assume that 
the thick sediment depositions are not only the products of the upper catchment characteristics. 
Theoretically, we can postulate that the change in channel width imposed by the bridge should 
be related to the change in bed gradient and grain size. The product of channel width and 
gradient can be considered a surrogate of stream power, as channel width is commonly 
approximately proportional to the square root of discharge (Knighton 1996; Church, 2002; 
Reinfelds et al., 2004). In the universal river equation of Lane (1955), discharge (Q) times 
gradient (S) is proportional to bedload transport (Qb) times a characteristic sediment diameter, 
for instance D50, hence,  
QS ~ QbD50            (4.6)        
QS, in practice, is stream power since stream power is Ω = γQS (Knighton, 1999) in which Ω 
is total stream power per unit length of channel (W m−2), γ is the specific weight of water (9807 
N m−2), Q is discharge (m3 s−1) and S is the energy slope. 
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In our case we can assume that flow discharge, Q, can be represented by width W and hence, 
Lane’s equation can be rewritten as follows: 
WcSc = QbD50c              (4.7)        
and 
WbSb = QbD50b            (4.8)         
where Wb = channel width at bridge reaches, Wc = channel width at upstream reaches, Sb = 
channel bed gradient at bridge reaches, and Sc = channel bed gradient at upstream reaches. Since 
flow discharge is virtually the same in the upstream reach and at bridges, (WbSb)/(WcSc) = 1 
Since the study rivers have a regular, rectangular cross-section, the problem can be analyzed 
also in terms of specific energy (Knighton, 1999) 
E = h + [q2/2gh2]            (4.9)         
in which E is specific energy (W m-2), q is specific discharge (m3 s-1) g is the acceleration due 
to gravity (m/s2) and h is depth of flow (m). 
 
In a flood approaching a bridge, flow discharge is not supposed to change but the change in 
channel width at the bridge results in a change in the specific discharge (q). Specific discharge 
can be written as: 
q = h (2g (E-h))0.5           [4.10] 
4.3 Results 
4.3.1 Catchment vegetation density (NDVI) 
In the study catchments NDVI ranges from -0.23 of Agagatulo and Beri Teklay rivers in 1986 
to 0.57 of Boyru river in 2005. The NDVI values, average across all catchments, show 0.31 in 
1986 and a maximum of 0.50 in 2005 followed by an alternating decrease, in 2010, and increase 
to 0.46 in 2014 (Table 4.1). All the catchments individual data tightly follow this pattern with 
a broader range for the 1986-2005 interval. From table 4.1 it is worth noticing that the maximum 
NDVI values were recorded in the time interval from 2000 to 2014. All the catchment show 
similar trend of NDVI which may be due to similar catchment management activities 
implemented before and after 2000.  
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Table 4.1 Variation of NDVI values through time for the catchments of the studied rivers 
(corresponding bridge number, Bn, in Table 4.3). 
Catchment  1986 2000 2005 2010 2014 Bn 
Burqa  0.39 0.43 0.52 0.37 0.54 13 
Dwealga  0.35 0.36 0.49 0.33 0.52 12 
Lalatera  0.38 0.37 0.50 0.34 0.51 18 
Hada Ayferah  0.32 0.34 0.52 0.28 0.51 4 
Haya  0.33 0.35 0.51 0.34 0.52 7 
Boyru  0.36 0.40 0.57 0.37 0.61 9 
Agagatulo  0.23 0.26 0.46 0.27 0.43 10 
Beri Teklay  0.23 0.28 0.47 0.28 0.45 11 
Tirqe  0.29 0.34 0.50 0.33 0.51 14 
Hara  0.28 0.34 0.50 0.34 0.46 15 
Etu  0.33 0.40 0.54 0.36 0.51 16 
Oda  0.31 0.38 0.51 0.32 0.45 17 
Harosha  0.27 0.36 0.48 0.29 0.43 5, 6 
Gobu  0.29 0.33 0.47 0.31 0.38 1 - 4 
Warsu  0.27 0.34 0.49 0.34 0.38 19 
Diqala  0.30 0.34 0.48 0.33 0.39 8 
mean  0.31 0.35 0.50 0.33 0.48  
St.Dev.  0.05 0.04 0.03 0.03 0.06  
 
4.3.2 Precipitation time series analysis 
In order to investigate the role of climate change in exacerbating the river aggradation problems 
at bridges, rainfall time series were analyzed. Unfortunately, only the daily data of three rain 
gauges are available, but they can be considered as representative of the rainfall spatial 
variability between the graben uplands, where the river headwaters are located (Korem and 
Maychew), and the graben bottom (Alamata) (Fig. 4.2). Though we are aware of the limitation 
imposed by this situation, other meteo stations present in the Raya graben area have very short 
records and, therefore, were not considered in this study. 
  
The annual precipitation variations of the study rain gauges for the 1993-2011 interval show a   
decrease in annual rainfall throughout the last two decades and this contrasts with the excess 
sedimentation at bridges recorded in the same time interval (Fig. 4.4). Erosion processes, 
sediment supply and flooding are reasonably more influenced by rainfall intensity rather than 
annual precipitation, but the variations of the yearly maximum intensity in 24 hours are 
characterized by having no trends though with contrasting patterns. At Korem, in fact, the daily 
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rainfall intensity data follow an increasing trend, at Maychew a very decreasing trend and 
Alamata shows no trend at all (Fig. 4.5). 
 
 
 
Figure 4.4 Temporal variation of annual precipitation (P) for the study rain gauges. 
 
 
 
Figure 4.5 Temporal variation of the yearly maximum rainfall intensity (I) in 24 hours. 
 
Similar inconsistent, not decisive trends are found also for the temporal variability of the yearly 
maximum rainfall in two consecutive days or the average rainfall for the days in which 
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precipitation exceeds average daily precipitation plus two times the standard deviation for the 
big, monsoon type rainy season, during which normally the largest floods occur. 
 
By contrast, the frequency analysis of the daily precipitation indicates that at all the three study 
rain gauges a rainfall intensity ranging from 50 to 70 mm in 24 hours has a probability to occur 
every two years (Table 4.2). The maximum daily rainfall ranges from the 37 mm/24h, recorded 
at Alamata, to the 118 mm/24h of Korem. 50 mm/24h is almost half of the maximum intensity 
ever recorded in the study area and close to the average value of 59 mm/24 of the rain gauges 
considered.  
 
Table 4.2 Return time interval of the daily rainfall intensity (mm/24h) calculated using log-
normal and Gumbel equations. 
 
Tr 
Korem Maychew Alamata 
(years) Log-norm. Gumbel Log-norm. Gumbel Log-norm. Gumbel 
2 67 69 53 55 49 51 
5 89 87 69 68 65 64 
10 106 99 80 76 77 73 
20 123 110 92 84 89 82 
 
4.3.3 Channel geomorphology and bed material 
Sediment thickness was measured at 16 bridges that were built in 2002. In some bridges the 
sediment thickness reached up to 1.6 m. From field observation and local people key 
informants, we also learned that in the last 15 years the bridges experience thick sedimentations 
and clogging accompanied by excavations to protect the nearby settlements and cropland from 
flooding. Previous studies on the Raya graben ephemeral streams (Billi 2007; 2008) and 
unsystematic observations of specifically dug pits and pits excavated for sand harvesting by 
local people at bridges indicate that the thickness of an individual flood layer deposit ranges 
from 0.3 to 1.0 m (Fig. 4.6). Two or three consecutive intermediate to high floods are therefore 
capable to lay down a thick deposit and almost to close the span of a bridge like that depicted 
in figure 1. These bridge sedimentations have a history of excavation every year before the 
rainy season. 
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Figure 4.6 A range of deposition thicknesses by an individual flash flood, an example from 
Hara River. The fining from coarser sediments at the bottom to finer on the top indicate that 
this deposition was by one flood event. Photo: Hara river (October 2015) by Biadgilgn Demissie 
 
The main geomorphic characteristics and the median grain size of the reaches upstream of the 
study bridges were measured in the field and the main data are reported in Table 4.3. The mean 
width of the channel upstream of the bridge is almost double the average bridge span. Only in 
three cases, the Boyru, Burqa and Lalatera rivers, the bridge span is larger than the upstream 
channel, with a bridge span (Wb)/upstream channel width (Wc) ratio (Wb/Wc) of 1.67, 1.31 and 
1.78, respectively. For the other rivers Wb/Wc ranges between 0.18 and 1.02. For all the bridges, 
the average Wb/Wc ratio is 0.53. That is, the upstream channel have their width almost halved 
as they approach the bridge. 
 
The streambed gradient at the bridges (mean values 16.5 x 10-3 m m-1) is commonly steeper 
than in the upstream channel (mean value 12.4 10-3 m m-1) (Table 4.3). Only in five rivers out 
of 20, the Harosha north, Boyru, Dwealga, Tirqe and Oda rivers, the upstream channel is steeper 
that the streambed at the bridge with values of the Sb/Sc ratio ranging from 0.28 to 0.88, in 
which Sb is the streambed gradient at the bridge and Sc is the gradient of the upstream channel. 
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Bed material is mainly sand and, subordinately, gravelly sand. The coarsest sediment is found 
in the Etu river. where the upstream channel median grain size (D50c) is 4.31 mm whereas at the 
bridge (D50b) it is 5.38 mm. The finer river reach is Gobu north with 0.34 and 0.37 mm, upstream 
and at the bridge respectively. Similarly to streambed gradient, average D50 at bridges is by 
20% larger than in the upstream channel and in only four rivers D50c is coarser than D50b, namely 
Boyru, Agagatulo, Burqa and Lalatera; it is worth noticing that three of these rivers (Boyru, 
Burqa and Lalatera) have bridge spans larger than the upstream channel width. 
 
In fact, though the field data indicate that on average the streambed gradient near bridge is 
steeper and bed material is coarser than in the upstream channel (Table 4.3), yet the streambed 
gradient of the latter, not affected by the bridge narrowing backwater, explains almost 82% (R2 
= 0.82, n = 20, p <0.001) of the variability of the streambed gradient at bridges (Fig. 4.7). This 
implies that the steeper the channel upstream, the steeper the reach at the bridge. In other words 
the change of channel hydraulic geometry at bridges influences the local gradient and the same 
should be expected also for bed material characteristics. The relationship between D50c and D50b 
(Fig. 4.8) is weaker than the former (R2 = 0.52, n = 19, p < 0.001) and this can be explained by 
sampling inaccuracy due to the fact that in several reaches, especially near bridges, the 
streambed was reworked by animal trampling, temporary truck ways and pit excavation for 
sediment collection to such an extension that only small portions, likely not fully representative 
of the whole stream bed, could have been sampled. 
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Table 4.3 Main characteristics of the reaches upstream of the study river bridges 
 
 
Bn 
River (bridges) A 
(km2) 
Wc 
(m) 
Wb 
(m) 
Sc 
(10-3) 
(m m-1) 
Sb 
(10-3) 
(m m-1) 
D50c 
(mm) 
D50b 
(mm) 
1 Gobu north 274 22.4 4.03 2.5 4.6 0.34 0.37 
2 Gobu N of Waja 274 183.5 82.48 4.6 10.5 0.31 0.88 
3 Gobu at Waja 274 72.8 58.57 7.8 8.0 0.46 0.48 
4 Gobu south 274 54.0 27.28 1.8 6.9 0.55 0.55 
5 Harosha north 138 72.5 35.29 10.7 7.8 0.57 0.99 
6 Harosha south 138 142.6 29.84 2.6 12.3 0.65 0.74 
7 Haya 82 42.6 28.98 4.8 7.4 0.85 2.30 
8 Diqala 72 60.7 23.38 12.4 15.6 0.71 - 
9 Boyru 69 10.6 17.70 8.2 7.2 2.18 0.76 
10 Agagatulo 69 4.3 2.25 33.1 49.1 3.10 2.65 
11 Beri Teklay 69 3.5 2.53 35.3 50.0 2.62 2.60 
12 Dwealga 58 37.1 16.50 10.2 4.5 1.68 3.19 
13 Burqa 53 14.8 19.40 7.0 11.8 2.46 1.28 
14 Tirqe 41 11.6 11.83 13.0 3.7 1.49 1.43 
15 Hara 39 96.0 80.00 12.4 18.4 1.74 2.79 
16 Etu 34 20.0 19.00 13.6 28.5 4.61 5.38 
17 Oda 68 83.2 23.11 11.7 5.3 0.51 0.54 
18 Lalatera 20 3.9 6.96 9.6 13.0 1.99 0.97 
19 Warsu 12 29.5 23.31 15.8 25.6 1.84 3.60 
20 Hada Ayferah 4 5.7 2.50 30.3 40.1 1.33 3.45 
 mean 103 48.6 25.75 12.4 16.5 1.50 1.84 
 Bn = bridge number, A = catchment area (km2); Wc = upstream channel width (m); Wb = bridge 
span (m); Sc = streambed gradient of the upstream channel; Sb = streambed gradient at the 
bridge; D50c = bed material median grain size of the upstream channel streambed (mm); D50b = 
median grain size of bed material at the bridge (mm). 
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Figure 4.7 Correlation between the streambed gradient in the bridge reaches (Sb) versus that 
of the upstream channel (Sc). 
 
Figure 4.8 Plot diagram of bed material median grain size bridges (D50b) and in the 
upstream channel (D50c). 
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4.4 Discussion 
4.4.1 Bridge sedimentation problems 
During the first decade of this century, most of the study bridges experienced high 
sedimentation rates in the order of magnitude of 0.3 m – 1 m per year that, in a few cases, almost 
clogged the entire bridge span (Fig. 4.1) causing overbank flow of floods that in normal 
conditions would be likely contained within the natural banks. Such a situation was more severe 
in rivers with a large catchment and in those where the bridge span was much smaller than the 
approaching, upstream channel (e.g., Gobu and Harosha rivers in Table 4.3). To explain such 
high sedimentation rates in the study rivers three main controlling factors were investigated: 
variation of vegetation cover, rainfall intensity and the local hydro-geomorphic control imposed 
by the bridge narrowing. 
4.4.2 Is vegetation cover a controlling factor? 
By definition, the NDVI is a parameter that approximates the density of vegetation. The  
variability of NDVI can be associated with changes in the vegetation status/cover. In the 
catchments of the Raya Graben streams, the main change in vegetation cover is recorded from 
the 1980s to the 1990s and it is characterized by a marked increase in vegetation cover to a 
maximum in 2005 (Table 4.1), whereas during the last decade NDVI slightly oscillates around 
the value of 0.4, indicating a relatively stable vegetation cover. A study by Annys et al. (2016) 
in the study area shows that in the 1970s 61% of the area was occupied by farmlands, whereas 
in 2014 it accounted for 35%. This implies that many former soil erosion control structures 
were abandoned, which may have contributed to maintain a high sediment delivery. Currently, 
the study by Tesfaalem et al. (2015), based on vegetation cover distribution index, has shown 
that the study catchments have an uneven distribution of vegetation cover ranging between 29% 
and 52%. 
 
Though many studies (Stott and Mount, 2004; Liébault et al., 2005; Mount et al., 2005; 
Vanacker et al., 2007) indicate that vegetation cover reduces sediment load, in the Raya Graben 
rivers the change in vegetation cover is not the main factor in favoring the excess sedimentation 
at the study bridges. Though it is difficult to compare our study area with Mid-Wales streams, 
Mount et al (2005) partially confirm this observation concluding that bed load yield from 
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forested upland catchments is extremely variable, even when catchments are in a similar 
geographic location and have the same underlying geology. However, this still needs further 
investigation.  
 
Other studies (e.g., Kondolf et al., 2002; Quiñonero-Rubio, et al., 2014; Tian et al., 2015) 
indicate that vegetation regeneration and catchment rehabilitation, in any case, reduce sediment 
yield. Though in the study area the low density of vegetation, typical of semi-arid regions, may 
have resulted in a less efficient soil protection (Rogers and Schumm, 1991); a decrease in 
sediment supply, associated with an increase in vegetation cover, cannot be denied; and hence 
vegetation cover can be considered as a secondary control. 
4.4.3 Channel and bank erosion 
Under similar conditions, reforestation is commonly reported to cause a decrease of the 
sediment supply to rivers (e.g., Boix-Fayos et al., 2007). A decrease in sediment supply 
normally results in channel narrowing and channel incision (Billi and Rinaldi 1997; Rinaldi and 
Simon, 1998; Kondolf et al., 2002, Liébault et al., 2002, Simon and Darby, 2002, Rinaldi, 2003, 
Keesstra et al., 2005, Liébault et al., 2005; Beguería et al., 2006; Boix-Fayos et al., 2007). 
Though there is no data about channel hydraulic geometry changes in the study area, some 
studies (e.g., Tesfaalem et al.,2016) show that there are recent incision in the upstream reaches 
of the study rivers in the lower part of the escarpment. The same study (Tesfaalem et al., 2016) 
shows that there are colluvium and alluvial deposits in the lower parts of the escarpment in the 
study area that took place before the 1980s. Hence, the remobilized sediments may have been 
flushed further down to the bridge reaches due to clear water effect (Kondolf, 1997; Boix-Fayos 
et al., 2007).  
 
According to some studies river bank erosion are also important sources of sediments (Hupp 
and Scot, 1997; Knighton, 1998; Simon and Darby, 2002). However, the main river stem 
upstream of the study bridges is commonly rather short and, though bank erosion may take 
place (Fig. 4.9), satellite images analysis suggests that the upstream river channels did not 
change significantly in the last decades as pointed out by the landscape change analysis on the 
Warsu river between 1965 and 2014 (Biadgilgn et al., 2016 in press), in which the transition 
from alluvial plane to active channel is of only 0.8%. Moreover, in the largest rivers, the banks 
upstream of the bridge are protected by gabions or retaining walls for a length of 100-300 m. 
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All the study rivers, typically, have a straight channel pattern in the graben bottom and large 
sediment storage units such as point bars are not found. Longitudinal bars are small and very 
flat (only a few centimeters thick) (Billi, 2008), hence they cannot be considered as important 
sediment storage unit. 
 
Figure 4.9 Bank erosion in upstream reach of Odda river. The flow direction is to the right of 
the photo. Photo: Odda river upstream of the bridge (October 2015) - by Biadgilgn Demissie. 
 
For the reasons discussed above and because floods of ephemeral streams are sporadic and 
likely transport limited, in the study rivers downstream reaches there is no evidence of 
streambed degradation, rather, the increased frequency of flooding not paired by a significant 
change in rainfall intensity seems to point at a condition of aggradation, especially in the reaches 
right upstream of the bridges, though cross-sections, measured in different times, are not 
available. In the reaches without bank protection the lateral flow expansion induced by the 
streambed aggradation may have caused some bank erosion at local scale, as the comparison of 
2005 and 2014 satellite images seems to confirm, but the bank stretches involved are not long 
enough to play an important role in sediment supply. 
4.4.4 Hydro-geomorphic processes and sediment deposition 
The time series analysis for a few rainfall parameters, including annual precipitation, yearly 
maximum intensity in 24 hours, the yearly cumulative rainfall maxima for two consecutive days 
and the average rainfall for the days in which precipitation exceeds average daily precipitation 
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plus two times the standard deviation for the big, monsoon type rain season, do not show any 
evidence of rainfall intensity worsening capable to account for an increase in sediment release 
from the headwaters nor for the generation of higher floods with larger bedload transport 
capacities.  
 
Billi et al. (2015) report that in 2006 in the Dechatu river, the catchment of which is subjected 
to climatic conditions and has bio-physical characteristics (i.e. physiography, headwaters 
average slope gradient, sparse vegetation cover, relief contrast) very similar to those of the 
study rivers in the Raya graben, a rainfall intensity of 100-120 mm/24h was able to trigger a 
devastating flood that inundated the town of Dire Dawa and caused several fatalities. The return 
time of such high rainfall intensities in the Dechatu catchment are comparable to those recorded 
at the study rain gauges (Table 4.2). Therefore, though no significant change in rainfall amount 
and intensity is observed during the last decade, a rainfall intensity of 50 mm in 24 hours can 
be assumed as being capable to generate medium to high floods with relatively high bedload 
concentrations as shown also by Borga et al. (2014, their fig. 6). Unfortunately, none of the 
study rivers was equipped with a flow gauge and such an assumption cannot be confirmed. 
 
By contrast, what has significantly changed during the last decades in the study rivers is the 
human impact associated with the restoration and mainly the construction of new bridges the 
span of which is markedly undersized compared to the natural width of the approaching 
channel. Based on the hydraulic analysis using Lane’s (1955) equation, it is therefore evident 
that the difference in the streambed gradient and sediment characteristics between the upstream 
channels and bridge reaches is mainly controlled by the local hydro-geomorphic factors 
imposed by the channel narrowing which may have also enhanced thick sedimentation. 
 
Figure 4.7 and 4.8 show that the original streambed gradient and bed material grain size change 
as the rivers approach the bridge and the bridge narrowing has some effect on them. Hence, as 
a few researches suggest (e.g., Conesa-García and García-Lorenzo, 2014; Arnaud-Fasseta et 
al., 2005), it is important to analyze the local hydro-geomorphic processes and their potential 
impact on river sedimentation. 
 
For example, if we consider the product of width and gradient at bridges and in the upstream 
channel and we plot their ratio versus the D50b/D50c ratio we obtain a diagram that apparently 
looks like a paradox (Fig. 4.10). We obtain that the relative grain size at bridges tends to 
increase when the relative width-slope product in the upstream reach is larger than that at 
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bridges. It has a low determination coefficient, likely because of streambed reworking at some 
bridges. But in an attempt to point out the effect of bridge narrowing on the sediment 
characteristics, such an unclear result need to be analyzed in more detail. 
  
 
Figure 4.10 The ratio of the product of bridge width (Wb) and channel gradient at bridges (Sb) 
and the product of upstream channel width (Wc) and upstream channel gradient (Sc) versus the 
ratio of median grain size at bridges (D50b) and upstream reaches (D50c). 
 
However, if we go back to equations (7) and (8) we see that we considered a generic bedload 
transport (Qb). We can rewrite Lane’s equation combining eqs. (7) and (8) and using our 
parameters and subscripts in the following manner: 
(WbSb/WcSc) = (QbbDb/QbcDc)         (4.11) 
At low values of (WbSb/WcSc) we have larger values of (D50b/D50c) and bedload transport (and 
hence sedimentation) must be relatively larger at bridges. Vice versa, if at large values of 
(WbSb/WcSc) low values of (D50b/D50c) correspond, we can suppose a relatively smaller bedload 
transport at bridges; this is the case of those few bridges whose width is comparable or larger 
than the upstream reach. The thick deposits and sedimentations of coarser materials at bridge 
reaches could also be due to high bedload deposits upstream and the washing down into the 
bridge reaches by the few high flood events (Conesa-García and García-Lorenzo, 2014) as we 
have also found a significant relationship between the grain size in upstream and bridge reaches 
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In terms of specific energy (in eq. 4.9 and 4.10), for a given discharge, Q (m3 s-1), a given depth 
(m) and channel width (m) we can calculate the specific energy (as q = Q/W) and a diagram 
such as that of figure. 4.11 can be prepared. 
  
In figure. 4.11, qcrt is the critical specific discharge and corresponds to a Froude number of 1, 
which discriminates subcritical from supercritical flows. As the flow discharge in the upstream 
channel approaches the bridge, given that Wb is smaller than Wc, specific discharge would 
increase from qc = Q/Wc to qb = Q/Wb. The flow depth at the narrowing (the bridge) can be 
obtained from the specific discharge diagram of figure 4.11 at the corresponding specific 
discharge value. 
 
 
Figure 4.11 Conceptual model of specific discharge diagram for a rectangular channel. 
 
For supercritical flows, flow depth increases with increase in specific discharge; conversely, 
for subcritical flows, flow depth decreases with decrease in specific discharge for the same 
specific energy (Negm et al., 2003). Supercritical flow conditions are commonly observed in 
the study rivers during intermediate and high floods (Billi, 2011) (Fig. 4.12) and the increase in 
depth at bridges may result in a relative decrease in flow velocity and higher sedimentation 
rates. 
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By contrast, during subcritical flood flows, in the short reach immediately upstream of the 
bridge, depth decreases and flow velocity is expected to increase. This process can be accounted 
for the steeper gradient and coarser bed material measured at bridges. 
 
Figure 4.12 One of the study rivers, the Oda R. (06 August 2008, 14:35, taken by Paolo Billi), 
during an intermediate flood. Notice the supercritical flow. The flow direction is towards the 
reader. 
 
The study shows that the width of a bridge affects the hydraulic performance of the bridge; 
wider bridges are more efficient than narrower ones. It is preferred to keep the ratio of upstream 
channel width and bridge width (Wc/Wb) below 1 (Hamill, 1999).  
4.5  Conclusion 
During the last two decades, many of the river bridges along the Addis Ababa-Mekele road 
running parallel to the western margin of the Raya Graben experienced high rates of 
sedimentation to such an extent that in a few cases the bridge span was totally obstructed 
causing bank overflow and inundation of the neighboring urban settlements and cultivated land. 
Clear relationship is not found between the recent thick sedimentation and the NDVI analysis 
made between 1986 and 2014. Similarly, though high rainfall intensities of 50 mm/24h or more, 
capable to trigger high floods, are commonly recorded, the trend analysis results exclude a 
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worsening of the rainfall factor in the high sedimentation rates observed at the brides of the 
study area. Notwithstanding the upper catchment characteristics did not aggravate the 
deposition at bridges reaches, there are evidences of incisions in upstream reaches of some 
catchments with higher vegetation cover that may have flushed out sediments downstream and 
trapped by the bridges. 
 
The Raya Graben ephemeral streams are very wide, in a few cases as much as 300 m, upstream 
of the road bridges which, by contrast, are very narrow, typically 50% narrower than the 
upstream channel. A simple hydraulic analysis demonstrates that the abrupt change in channel 
width as the river approaches the bridge is the main cause of the thick deposition and, 
consequently, of the increased frequency of overbank floods upstream of the road bridges in 
the study area. Hence, it is recommended that the width of the bridges should be at least as wide 
as the upstream channel reaches. For example, in the case of the town of Waja, instead of 
moving the town making wider bridges at a lower financial and social cost is recommended. 
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Floods and ephemeral stream dynamics in the semi-endorheic Raya graben (northern 
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Abstract 
The magnitudes of flash floods that impact channel width were investigated for two ephemeral 
streams (Etu and Hara) in the Raya graben (Ethiopia). Event peak discharges were measured 
using crest-stage gauges at measured cross-sections (bridges near the escarpment footslope) in 
the rainy season of 2013 and 2014. Changes in channel morphology along the rivers were 
measured at 15 monitoring sites 0.05 to 1.5 km downstream from the hydrometric stations. 
Decadal channel width change was analyzed over the period 1965 - 2014 using aerial 
photographs and SPOT satellite images. Results show that there was a positive correlation 
between weighted average daily precipitation and magnitude of peak flood (R2 = 0.84 and 0.81 
for Etu and Hara rivers, respectively). The catchment-specific peak discharge coefficient (Cp) 
tends to be uniform throughout the rainy season. This invariant runoff response is most probably 
related to (i) high infiltration capacity due to dry land surface at the beginning and (ii) denser 
vegetation cover at the end of the rainy season. In the short term (2013 and 2014), an average 
channel widening of 3.55 m was recorded. At the decadal scale, there was widening, on average, 
of 26.5 m (0.66 m per year). The relation between event peak discharge and stream channel 
width change indicates that on average every flood event is equally important in channel bank 
erosion. Riparian vegetation and sand embankments gave significantly stronger resistance to 
bank erosion than croplands (F = 23, Fcrit = 3, p < 0.01). As every flood event enhances channel 
bank erosion in ephemeral graben streams, and channel stabilization can best be achieved by 
enhancing riparian vegetation. 
 
Key terms: channel width, dryland, ephemeral streams, flood event, Rift Valley, graben 
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5.1 Introduction 
Dryland ephemeral streams are characterized by alternating flash floods and intermittent flows 
and by high rates of sediment transport. They are very responsive to changes in flood regime 
or sediment influx and can completely modify their channel morphology and hydraulic 
geometry over a few decades (Ferguson, 1993). Many studies indicate that the fluvial processes 
of dryland ephemeral streams are mainly related to flash floods (Graf, 1988; Tooth, 2000b). 
They are very susceptible to the erosive and sedimentation effect of the flash floods primarily 
due to the limited resistance of the dominant sandy bank materials (Tooth, 2000a) and the high 
rate of sediment delivered from upland (Germanoski and Schumm, 1993) and from scars 
(Tesfaalem et al., 2015a) given the scarce vegetation cover. The common dryland ephemeral 
streams channel adjustments typically include narrowing (Kondolf, 1997; Nakamura & Shin, 
2001; Liébault and Piégay, 2002; Surian and Rinaldi, 2003), widening (Lyons and Beschta, 
1983; Page et al., 2000) and avulsion (Jones and Shumm, 1999; Field 2001). 
  
Grabens have contrasted environments encompassing steep escarpments and relatively flat 
floors. The escarpments are the main sources of water and sediment for the graben bottoms 
(Reheis et al., 2014; Billi, 2007).  Sediment from the escarpment sources is deposited as 
colluvium, alluvial fans and river alluvium in the graben bottom (Coe & Foley, 2001, Lanckriet 
et al., 2015, Nyssen et al., 2004). Deposition in the graben bottom comprises dominantly fine 
sediments primarily due to the high ratio of fine sediment supply to transport capacity. (Billi, 
2008). 
 
The assumption is that as graben margins consist of steep escarpments, heavy rains can generate 
high energy flash floods capable to trigger the widening and/or narrowing of the channels in 
downstream reaches in graben bottoms. Though it is well known that these streams are 
characterized by flashy floods and high sediment supply (Graaf, 1988; Bull, 1997; Tooth 
2000b), yet the characteristics of flash floods in terms of inducing major channel changes are 
not well understood. Besides, riparian vegetation and other bank erosion controlling works 
(e.g., sand embankments) are presumed to reduce river channel bank erosion. But can riparian 
vegetation, sand embankments and croplands with their grass bunds impede bank erosion and 
which of the approaches is more effective?  
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The study area, a marginal graben that borders the Ethiopian Rift Valley’s northern branch, is 
a typical semi-arid area onto which several ephemeral rivers draining the graben shoulders 
transfer large quantities of sediment through the main river stems and wide distributary systems 
(Biadgilgn et al., 2016); also indicated in chapter four of this thesis. This in turn induces channel 
avulsion, bifurcation and lateral channel mobility in the distributary systems and aggradation 
in the main channels (Billi, 2007; Biadgilgn et al., 2015) (Fig. 5.1) (chapter 3). Unlike other 
rivers in dryland plains which have an irregular longitudinal profile (Tooth, 2000b), we found 
in our preliminary analysis that the rivers in the study area have a linear longitudinal profile 
which may propagate a distinctive behaviour for rivers in grabens. In the study area escarpment, 
catchment rehabilitation particularly related to gully networks (Frankl et al., 2013) and scar 
density (Tesfaalem et al., 2015) have been successfully implemented, but their effect on the 
river morphology were not investigated. 
 
Hence, the purposes of this chapter are to (i) investigate changes in river morphology (widening 
and/or narrowing) in a graben bottom in response to flash floods and (ii) investigate the role of 
riparian vegetation and other bank resistances to channel bank erosion in graben bottoms. 
 
 
Figure 5.1 The high sediment supply from upper catchments causes aggradation of the 
streams which in turn causes bank overflow and loss of farmlands. Flow direction is towards 
the reader. Photo: Hara river (June 2013) - by Biadgilgn Demissie. 
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5.2 Materials and Methods 
5.2.1 The study area 
The Raya graben is a semi-closed marginal basin of the Ethiopian Rift Valley which covers a 
total area of 3600 km2. It is located between 12°-13°N and 39°30᾿- 40°E (Fig. 5.2). The graben 
is enclosed by an escarpment to the West (the headwaters of the study rivers), which marks the 
edge of Ethiopian highlands with peaks at 4000 m a.s.l. , and by a horst to the East rising to 
2335 m a.s.l. The graben bottom lies at 1400 - 1500 m a.s.l. The escarpments are composed of 
volcanic materials and the graben floor is filled with Quaternary alluvial deposits derived from 
erosion of the surrounding highs and punctuated by a few recent, small trachyte plugs (Merla 
et al., 1979; Billi, 2007). The Raya graben is a half graben with the bottom gently inclined to 
the east and alluvial fans developed only on the eastern horst foothill. Presently, the rivers 
coming from the western escarpment do not develop alluvial fans but form distributary stream 
systems in the center of the graben bottom. For this study, the catchments of Etu and Hara rivers 
were selected as they are representative of the western escarpment in terms of bio-physical 
characteristics (Fig. 5.2) and have more or less similar bio-physical characteristics (Table 5.1). 
However, the Hara catchment is a little larger than Etu, whereas the Etu river is more compact 
and has steeper slope gradients in the upper catchment. In the graben bottom, Hara river has a 
steeper gradient (Biadgilgn et al., 2015) measured 4 – 5 km from the escarpment foot. 
 
Table 5.1 The bio-physical characteristics of the Etu and Hara river catchments. 
 
River NDVI A (km2) CU SU (m m-1) SG (m m-1) 
Etu 0.357 36.8 0.6 0.50 0.034 
Hara 0.338 39.9 0.4 0.41 0.039 
Note: NDVI = average NDVI (2010), A = area of upper catchment, CU = compactness of the 
upper catchments (dimensionless), SU = average slope gradient of the upper catchments, SG = 
average slope gradient of the graben bottom. 
 
Based on altitude, the study area comprises four agro-climatic zones: lowland (qola in the local 
language; 500-1500 m a.s.l.), midland (woina dega; 1500 - 2300), highland (dega; 2300 - 3300) 
and Afro-Alpine (wurch; above 3300 m a.s.l.). The precipitation distribution of the study area 
is basically divided in three distinct seasons: (i) the dry season from December to February; (ii) 
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two seasons of small rains respectively from September to November and from March to May; 
and (iii) the short, big rain season from June to August. The average total annual precipitation 
between 1969 and 2011 amounts to 719 mm with 84 mm in the dry season, 296 mm in the small 
rain seasons, and 339 mm in the main rainy season recorded at Alamata in the graben bottom, 
and a total of 837 mm with 113 mm, 200, and 524 mm in the distinct seasons respectively based 
on precipitation records of 6 gauges in the escarpment in 2013 (Fig. 5.2). 
 
 
Figure 5.2  Location map of the study area, comprising the hydrometric stations for Etu (a) and 
Hara (b) and the channel width change monitoring sites in the graben bottom (indicated by bold 
blue lines) downstream the hydrometric stations.  
 
In the study site, only daily rainfall depth data are available. For Alamata the mean annual 
maximum rainfall in 24 hours is 43 mm (Fazzini et al., 2015) and though no hourly rain intensity 
measurements could have been made in the study site, field observations showed that daily rain 
comes in intense events (generally in the afternoon and in the evening) that typically last less 
than an hour. Measurements in other stations in the central and northern Ethiopian highlands 
show that rain intensity is strongly correlated to rainfall depth (Fig. 5.3).The study rivers have 
the western escarpments as the main sources of flow discharge. The town of Alamata has also 
a contribution to the flow discharge of the streams. But the contribution of the town is 
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insignificant as only 14% (Etu) and 6.8% (Hara) of it, which are 1 – 2% of the upper catchments 
of the study rivers, effectively contribute to the rivers. Furthermore, the small peak discharge 
from the town is not in phase with (i.e., earlier than) the large peak discharges from the 
escarpment. Most of the drainage from the town flows through gullies and canals to farmlands 
in the south eastern parts of the town.  The two rivers end up in the graben bottom and in times 
of abundant precipitation and high saturation, they reach the outlet across the horst towards the 
southeast. Distributary systems of the rivers have relatively unrestricted channels as a result of 
which they are free to leave their original courses and occupy wide areas along way (Billi, 
2007).  
 
 
Figure 5.3   Correlation between maximal 1 hour rain intensity per event and corrosponding 
daily rainfall, for two stations in the central and northern Ethiopian highlands:  Doketu near 
Holeta in Central Ethiopia (9.246158°N, 38.372717°E; Habenom et al., 2016); and Adi Kalkwal 
near Hagere Selam in Northern Ethiopia (13.657005°N, 39.210149°E; Etefa et al., 2016). 
5.2.2 Quantifying river discharge and precipitation 
Flood peak discharges were measured using crest-stage gauges at selected channel cross-
sections (typically bridges near the escarpment footslope) in the rainy season (July to 
September) of 2013 and 2014 (Fig. 5.4). The crest-stage gauge used in this study is a galvanized 
iron tube with two caps at the top and bottom and a few very narrow holes to let the river water 
in. Before each flood stage measurement, the pipe and the coaxial wooden rod inside it are 
cleaned and saw dust is poured into the pipe. As the water level rises the saw dust is pushed up 
and remains stuck to the wooden rod as the water level decreases Thus, in order to estimate 
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event peak discharges, we used stage readings, channel bed gradient and channel bed roughness 
in the continuity equation (Graf, 1988; Herschy, 1999):  
Qp = AcV,              (5.1) 
where Qp = peak discharge (m3 s-1), Ac = peak flow cross-sectional area (m2), and V = velocity 
(m s-1). 
 
The velocity (V) at the moment of peak discharge was determined using Chazy’s uniform flow 
equation (eq. 5.2) (Gilley and Finkner, 1991; Ferguson, 2007).  
V = C (RS) 0.5,                      (5.2) 
where C = roughness coefficient, R = hydraulic radius (m), and S = slope of the energy gradient 
assumed as parallel to the streambed (m m-1). 
  
To calculate the roughness coefficient, the friction factor was obtained by the equations of 
Leopold and Wolman (1957), Limerinos (1970), suitable for sandy gravel river, Bray (1980), 
which was developed particularly for sandbed rivers and Knighton (1998) which was developed 
for gravelly sand rivers.  These methods are most used in literature and are most suitable for 
the study rivers as their bed material ranges from fine sands to boulders (Billi et al. 2015). 
Hence, the roughness coefficient was calculated using 
C = (8g)0.5 / f0.5,            (5.3) 
where g is gravity and 1/f0.5 is Darcy–Weisbach friction factor, which was calculated using the 
equations by Leopold and Wolman (1957): 
1/f0.5 = 1 + 2 * log (h/D84),           (5.4)  
where h is mean depth and D84 is the grain size for which 84 % of the distribution is finer, 
Limerinos (1970) 
1/f0.5 = 1.16 + 2 * log (R/D84),          (5.5)  
Bray (1980) 
1 / f0.5 = 2.21 + 2.03 * log (R / (3.5 * D90)),       (5.6) 
and Knighton (1998) 
1/f0.5 = 0.82 * ln (4.35 * R/D84),          (5.7)  
where D90 is the grain size for which 90% of the distribution is finer. Grain size was measured 
using the transect line, frequency by number method (Leopold, 1970).  Since bed material 
consists of a large proportion of sand, the comparator method of Billi (2016) was used for 
sediment finer than 3.0 phi (0.125 mm) (see chapter four of this thesis for details). 
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The stage readings from the crest-stage gauges were incorporated in the computation of Ac. In 
the calculation of the Ac , the wall interfaces (right and left) between the cannels of the bridges 
are considered and the Ac were determined per event for each span (2 spans for Etu and 5 spans 
for Hara river) of the bridges separately. In order to calibrate the discharge height, 
measurements on the depth of the river channels were taken after each flood event at the 
discharge monitoring stations. Slope of the energy gradient (S), assumed to be same as channel 
bed slope was measured with a Leica Disto D8 distance meter. This instrument is placed on a 
dedicated tripod and set at a predetermined height. The streambed gradient is returned on the 
instrument display by pointing the built-in camera viewfinder at a target as high as the distance 
meter but placed 30-100 m upstream.  The Hara river reach upstream of the bridge is relatively 
long with a gradient of 0.0187 and a uniform rectangular cross-section, whereas Etu river has 
relatively narrower and more irregular channel with a streambed gradient of 0.0285 m m-1 
upstream of the measuring stations. Finally, to enhance certainty and reliability of the discharge 
calculation, flow velocity that was calculated using the four friction factor equations of Leopold 
and Wolman (1957), Limerinos (1970), Bray (1980), and Knighton (1998) was averaged though 
they do not have significant difference according to the ANOVA test performed (F = 0.12, Fcrit 
= 2.7, p > 0.01). 
 
Precipitation was measured with seven rain gauges installed in the upper Etu and Hara 
catchments.  A weighted mean of the gauged daily precipitation records was calculated using 
the Thiessen polygon method (Thiessen, 1911; Brassel and Reif,  2010; Mair and Fares, 
2011).The measured flood peak discharges were correlated with the gauged weighted mean 
daily precipitation records using Pearson’s correlation (Moore et al, 2012). Similarly, the event 
peak discharges were correlated with the corresponding changes in the width of the rivers in 
the graben bottom. 
 
To link up the event peak discharges to daily precipitation in terms of effectively transferring 
the daily precipitations into the river systems, the peak discharge values were normalized to 
catchment area (Blume et al., 2007) and precipitation (Taylor, 1967) by the modified rational 
method (Graf, 1988) of estimating peak discharge (Viessman et al., 1989; Hotchkiss and 
McCallum 1995; Tesfaalem et al., 2015b).  
Qp = Cp (Pd * A),               (5.8) 
where Cp = catchment-specific peak discharge coefficient, Pd = daily precipitation (mm), A = 
catchment area (km2). This model uses daily precipitation instead of precipitation intensity (I) 
as is used in the original rational method. Data about precipitation intensity is not available in 
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the study area. As is indicated in the study area description (Fig. 5.3) there is a strong correlation 
between maximum 1 h rainfall intensity and daily rainfall depth. Similarly, a study made by 
Nyssen et al. (2005) indicated that maximum recorded rain depth over 1 h (32 mm) is only 2 
mm less than that over 24 h in the Northern Ethiopian Highlands. Based on this we extracted 
Cp for every runoff event in the study catchments as:  
Cp = Qp / (Pd * A).           (5.9) 
 
 
Figure 5.4  Crest-stage gauge (the iron tube) used for measuring peak flood level at Hara bridge 
(June 2013, photo by Biadgilgn Demissie). Flow direction is from right to left.  
5.2.3 Measuring changes in channel width 
In order to investigate the changes in channel morphology along the study rivers in the short 
term (2013 – 2014), 15 monitoring sites were established (9 on Etu river and 6 on Hara river) 
0.05 to 1.5 km downstream from the hydrological stations. Though the bridges may affect the 
local hydraulics, the monitoring sites were established relatively close to the bridge because 
downstream beyond the monitoring sites the rivers tend to bifurcate and end up in farmlands 
which in turn would make the measurements difficult. The changes in river channel width 
caused by the event peak discharges were measured after every major event. Trees and big 
boulders were used as benchmarks for monitoring the changes in the river channels. In this 
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study, channel width refers to the bankfull stream channel dimension during peak floods in the 
rainy season.  
 
A decadal width change measurement was also carried out from 1965 to 2014. Aerial 
photographs of 1965 and 1986 (obtained from Ethiopian Mapping Authority) at a scale of 
1:50,000 and SPOT satellite imageries of 2005 and 2014 available in Google Earth at 2.5 m 
spatial resolution were used (Appendix A1, Table A1-1). The 1986 aerial photograph was co-
registered to the 2014 SPOT image using 12 ground control points. A third order polynomial 
function was used to rectify the aerial photograph with a ground accuracy of 1.4 m. The aerial 
photograph of 1965 was georectified (using third order polynomial) at 0.8 m accuracy using an 
image-to-image registration method with the georectified 1986 aerial photograph based on 9 
ground control points. The decadal channel width changes were measured at the same cross-
sections where the short term (2013 and 2014) width change measurements were performed 
(Fig. 5.5). In some locations in Etu river, the channels shifted in another direction more or less 
perpendicular to the current channel positions and hence measurements were not taken at three 
cross-sections. Thus, in total we made 12 (6 for each river) diachronic observation of river width 
changes. The accuracy of the width measurements from the satellite imageries was assessed. 
The accuracy assessment was carried out on the 2014 SPOT imagery using field measurements 
at the monitoring benchmarks. An acceptable RMSE (1.2 m) which is smaller than the spatial 
resolution of the SPOT imagery (2.5) was found. 
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Figure 5.5 Location of decadal width measurements between 1965 and 2005 at Etu and Hara 
rivers. Direction of flow is indicated by arrows. 
5.2.4 Bank erosion controlling factors  
To investigate the impacts of bank resistance factors on channel widening/narrowing, the effect 
of riparian vegetation, sand embankments and croplands was assessed as bank resistance 
factors. The presence of the riparian vegetation cover is measured within 5 - 10 meters from the 
river bank as it is assumed that it protects the river bank from erosion through the roots and/or 
stems (Smith, 1976; Knighton, 1998). There are also human interventions in the river channels 
(temporary artificial sand embankments) for temporarily protecting the impacts of floods on 
farmlands and settlements. These interventions also have impact on the changes in the width of 
the river channels. Thirdly, croplands (which may have grass or soil bunds as boundaries) were 
considered to assess the degree to which they contrast bank erosion. In order to investigate the 
resistance to bank erosion, the channel width changes measured in the field were compared 
with the scales assigned to each of the bank erosion resistance factors based on Analytical 
Hierarchy Process (AHP). The channel width change data measured per type of bank in the 
field were analyzed using an ANOVA test (at p = 0.05) (Armstrong et al., 2000). 
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For determining the relative resistance for bank erosion among the marginal bank resistance 
factors, the AHP method is used (Saaty, 1980). The purpose of this analysis is to investigate the 
understanding/judgments of the society on the marginal bank resistance factors and to compare 
it with the empirical measurements. The AHP approach is one of the extensively used multi-
criteria decision making methods. It is applied to a wide variety of decisions and judgments. 
This method applies a pairwise comparison of elements at different hierarchies of importance. 
In AHP, there is scale of relative importance for making subjective pairwise comparisons. The 
scale ranges between 1 and 9, where 1 = equally important, 3 = somewhat more important, 5 = 
much more important, 7 = very much more important, and 9 = absolutely more important. The 
even number hierarchies between 1 and 9 are intermediate and they are not commonly used. 
Thus, the pairwise comparisons at a given level can be reduced to a number of square matrices 
of A = [aij]nxn. The matrix has reciprocal properties, which are 
ɑji = 
ଵ
ɑ೔ೕ
             (5.10) 
 
For making a pair-wise comparisons comparative judgments on the relative importance of the 
erosion protective capacity (strength) of the bank resistance factors were made using 
information obtained from key informants (27), common knowledge and experience. The key 
informants were interviewed to give their own view on the strength of the bank resistance 
factors and compare them based on their degree of resistance. Moreover, subjective judgments 
based on field observations were made to compare and rate the bank erosion resistance factors. 
After all pairwise comparison matrices were formed, the vector of weights, w = [w1, w2,  . . . , 
wn], was computed based on the Saaty’s eigenvector procedure indicated in a pairwise 
comparison matrix. The computation of the weights was carried out, first, by normalizing the 
pairwise comparison matrix, A = [aij]nxn, using: 
ɑ*ij = 
ɑ೔ೕ
∑ ɑ೔ೕ
೙
೔	స	భ
 , for all i, j = 1, 2, . . . , n.        (5.11) 
and then the weights are computed by: 
wi  =  
∑ ɑ∗೔ೕ
೙
೔	స	భ
௡
 , for all i, j = 1, 2, . . . , n.        (5.12)  
 
Saaty (1980) showed that there is a relationship between the vector weights, w, and the pairwise 
comparison matrix, A, as shown in: 
Aw = λmaxw,            (5.13) 
where w = the weight matrix of the alternatives, and λmaxw  = the principal eigenvalue. The λmax 
value is an important validating parameter in AHP and is used as a reference index to screen 
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information by calculating the consistency ratio (CR) of the estimated Eigen vector. To 
calculate the CR, the consistency index (CI) for each matrix of order n can be obtained from: 
CI = ఒ೘ೌೣ 	ି	௡
௡ିଵ
            (5.14) 
Then, CR can be calculated using: 
CR = ஼ூ
ோூ
 ,             (5.15)  
where RI is the random consistency index obtained from a randomly generated pairwise 
comparison matrix. The RI is adapted from Saaty (1980) given matrices of order n.  
5.3 Results 
5.3.1 Event peak discharge, daily precipitation and changes in 
channel width 
In the studies made in 2013 and 2014 rainy seasons on two rivers (Etu and Hara), measurements 
of flood peak discharge, corresponding changes in channel width and daily precipitation were 
carried out. The input factors and the calculated event peak discharges at 0.3 and 0.8 m crest 
stages heights are presented (Table 5.2). At 0.8 m crest stage, the two rivers showed peak 
discharges 8 times larger than peak discharges at 0.3 m crest stage height. Considerable 
variation in daily precipitation was observed (average = 14.3 ± 7.7, n = 23 for Etu river and 
14.2 ± 9.4, n = 34 for Hara river) (Table 5.3). There was also high variation in peak discharge 
among the different flood events in the rainy season, average Qp = 22 ± 19 m3 s-1 for Etu and 
average Qp = 99 ± 96 m3 s-1 for Hara river (Table 5.3). Corresponding to this, there occurred 
changes in the width of channels. Every flood resulted, on average, in 0.14 ± 0.16 m widening 
of the Etu river (for a total of 3.36 m in 23 floods) and 0.11 ± 0.19 in Hara river (for a total of 
3.74 m in 34 floods).  
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Table 5.2 Input factors for quantifying peak discharge (Qp) for Etu and Hara river at crest 
stage heights of 30, 50 and/or 80 cm. 
 
Rivers 
Wb 
(m) 
S 
(m m-1) 
St 
(m) Ac (m2) 
D84 
(m) D90 (m) C 
V 
(m s-1) 
Qp 
(m3 s-1) 
Etu 
19 0.0285 0.3 2.82 0.02535 0.02965 28.40 2.63 7.4 
19 0.0285 0.8 13.76 0.02535 0.02965 32.29 4.60 63.3 
Hara 
80 0.0184 0.3 16.40 0.02315 0.02738 29.07 1.73 28.4 
80 0.0184 0.8 55.60 0.2315 0.02738 36.54 4.00 222.4 
Note: Wb = bridge width, C = Chazy roughness coefficient, S = slope of the energy gradient, St 
= crest-stage height, Ac = cross-sectional area of flow, D84 = grain size for which 84% of the 
distribution is finer, D90 = grain size for which 90% of the distribution is finer, V = velocity, Qp 
= event peak discharge. 
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Table 5.3 Gauged weighted mean daily precipitation depth over the catchment (Pd), calculated 
event peak discharge (Qp), measured channel width changes (ΔW) of Etu and Hara rivers in 
2013 and 2014. 
Etu Hara 
Date Pd (mm) 
Qp  
(m3 s-1) 
ΔW  
(m) st.dev Date 
Pd 
(mm) 
Qp  
(m3 s-1) 
ΔW  
(m) 
st.dev 
(ΔW) 
22-Jul-13 19.1 32.4 0.54 1.523 22-Jul-13 13.8 85.5 0.28 0.3 
25-Jul-13 21.9 44.9 0.11 0.171 24-Jul-13 4.3 19.5 0.13 0.33 
27-Jul-13 22.9 44.9 0.17 0.229 26-Jul-13 31.6 221.6 0.01 0.02 
30-Jul-13 17.2 21.8 -0.19 0.408 27-Jul-13 21.7 146.7 0.21 0.38 
01-Aug-13 7.7 7.4 0.31 0.56 28-Jul-13 11.8 53.4 -0.25 0.66 
03-Aug-13 18 21.8 -0.13 0.125 30-Jul-13 17.7 85.5 0.22 0.34 
04-Aug-13 30.8 59.2 0.11 0.277 31-Jul-13 21.1 124.7 -0.18 0.9 
06-Aug-13 12.4 13.3 0.16 0.332 01-Aug-13 11.7 53.4 0.1 0.53 
14-Aug-13 10.9 10.0 0.11 0.174 03-Aug-13 14 85.5 0.05 0.09 
23-Aug-13 10.1 7.4 0.11 0.639 04-Aug-13 27.4 221.6 0.34 0.58 
25-Aug-13 2.8 3.6 0.07 0.313 05-Aug-13 26.7 221.6 0.65 0.45 
27-Aug-13 1.4 3.6 0.02 0.067 06-Aug-13 10.4 40.3 -0.05 0.12 
29-Jul-14 15.7 3.6 0.29 0.314 09-Aug-13 6 29.1 0 0 
30-Jul-14 2.9 3.6 0.05 0.1 14-Aug-13 13.5 221.6 0.17 0.41 
01-Aug-14 24.4 59.2 0.16 0.242 21-Aug-13 13.3 85.5 0 0 
02-Aug-14 12.3 13.3 0.4 0.849 22-Aug-13 8.9 29.1 0.07 0.16 
04-Aug-14 14.5 17.3 0.08 0.166 23-Aug-13 16.3 53.4 0.26 0.63 
06-Aug-14 3.4 3.6 0.06 0.246 24-Aug-13 7.3 29.1 0.1 0.74 
08-Aug-14 20.2 44.9 0.13 0.16 25-Aug-13 3.5 19.5 0 0 
18-Aug-14 20.2 44.9 0.03 0.228 27-Aug-13 1.8 19.5 0 0 
27-Aug-14 17 21.8 0.19 0.226 29-Jul-14 14.5 68.5 0.12 0.17 
30-Aug-14 16.6 17.3 0.11 0.204 01-Aug-14 41.9 408.0 0.13 0.31 
17-Sep-14 6.8 7.4 0.39 0.601 02-Aug-14 34.4 340.8 0.13 0.33 
     03-Aug-14 4.7 29.1 0.13 0.33 
     06-Aug-14 13 68.5 0.07 0.16 
     08-Aug-14 14.9 85.5 0.02 0.04 
     18-Aug-14 15.4 85.5 0 0 
     26-Aug-14 11.5 146.7 0.33 0.77 
     27-Aug-14 8.7 29.1 0 0 
     31-Aug-14 7.4 19.5 0.03 0.05 
     02-Sep-14 5.5 19.5 0.08 0.2 
     03-Sep-14 3.9 19.5 0 0 
     08-Sep-14 6.2 19.5 0 0 
     17-Sep-14 18.5 170.2 0.68 1.03 
Average 14.3 22.1 0.14     14.2 99 0.11   
Std.Dev 7.7 18.7 0.16     9.4 96 0.19   
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5.3.2 Hydrologic behaviors of the catchments 
There was a positive correlation between daily precipitation and magnitude of peak flood flow 
(R2 = 0.84, n = 23, p < 0.001 and 0.81, n = 34, p < 0.001 for Etu and Hara rivers, respectively) 
(Fig. 5.6). The regression residuals were normally distributed for both Etu and Hara rivers based 
on the Kolmogorov test (p > 0.05). Hence, a linear regression equation is used to quantify the 
relationship between peak discharge and daily precipitation: 
Qp = 2. 2Pd – 8.8,            (5.16)  
for Etu river and  
Qp = 9.5Pd – 35.7            (5.17)  
for Hara river, where Qp = event peak discharge [m3s-1] and Pd = daily precipitation depth [mm 
day-1]. In the catchments, more than 80 percent of the peak discharge is directly explained by 
the amount of daily precipitation. Beyond 4 mm of precipitation, an increment in daily 
precipitation by 1 mm on the escarpment brings about peak discharge of 2.2 m3 s-1 in Etu and 
9.5 m3 s-1 in Hara rivers. 
 
The effectiveness of the study catchments in transferring daily precipitation into the stream 
systems was investigated using a modification of the rational method (eq. 5.10). Average 
catchment-specific peak discharge coefficients (Cp) of 0.04 (for Etu river), 0.16 (for Hara river), 
and 0.12 (for the two catchments together) were computed. Results from analysis of variance 
indicated that there was no inter-seasonal difference in the catchment-specific peak discharge 
coefficient (average of 0.10 ± 0.06 in July, 0.11 ± 0.09 in August, and 0.11 ± 0.08 in September). 
This shows that the streams are equally responsive to precipitation depths at the beginning, 
middle and end of the rainy season. 
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Figure 5.6  The relationship between daily precipitation and event peak flood discharge 
during the rainy seasons of 2013 and 2014. 
5.3.3 Channel width changes 
Short term channel width changes 
In the monitoring rainy season of the two years (2013 and 2014), there were a total channel 
widening of 3.2 m in Etu river (with 9 monitoring sites in two branches) and 3.7 m in Hara river 
(with 6 monitoring sites) in the short term period. The intra-seasonal channel width changes 
during the rainy seasons (July – September) continue up to the end of the rainy season (Fig. 
5.7). Nevertheless, the contribution of each flood event to channel width change does not vary 
from the beginning to the end of the rainy season (Table 5.3). Each flood event brought about 
0.12 ± 0.18 m channel widening in the two rivers. Besides, in order to see the temporal trend 
within the rainy season, the changes in channel width were normalized to the magnitude of the 
peak flood (ΔW/Qp). The average is 0.003 for the first period (between July and mid of August) 
and 0.008 for the second period (between mid of August and mid of September) (Fig. 5.7). 
Based on an ANOVA analysis there is no significant difference between the two periods (F = 
1.5, Fcrit = 4.0, p > 0.05). But the distribution shows that with the same event peak discharge 
the changes in channel width have high variability (widening and narrowing) at the beginning 
of the rainy season and it became stable towards the end of the rainy season. 
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Figure 5.7  Trends of channel width change from the beginning to the end of the rain season 
for Etu and Hara rivers (for 58 peak flood events) in 2013 and 2014. 
 
Decadal changes in channel width 
The channel width of the two rivers (Etu and Hara) was measured on mapped boundaries of the 
channels using aerial photographs of 1965 and 1986; and satellite imageries of 2005 and 2010. 
Results indicated that channel width increased rapidly over the last 50 years (Fig. 5.8). The 
widening is more prominent in Hara river with increase in width of 45 m (0.9 m per year) and 
8 m (0.2 m per year) in Etu river over the period between 1965 and 2014. It can be noted that 
the ephemeral rivers in the study area are very dynamic continuously changing their channel 
widths. 
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Figure 5.8 Channel width changes of the Etu and Hara rivers between 1965 and 2014. The bars 
on each observation indicate the standard deviation of the width measurements (n = 6 for each 
of the two rivers). 
 
5.3.4 The link between channel width changes, peak discharge and 
distance from footslope 
The correlation between event peak discharge and changes in channel width was analyzed to 
ponder the role of event peak discharges on bank erosion in the study rivers at a short time scale 
(2013 and 2014) (Fig. 5.9). It is very interesting and worth noticing that every peak discharge 
is equally important in triggering stream channel widening. It can be asserted that peak 
discharges ranging from 1 – 100 m3 s-1 do not result in significantly different channel widening. 
The variation in channel width changes with downstream distance from the hydrologic stations 
(escarpment footslope) was also analyzed. It was found out that though not significant there 
was a tendency of increase in widening downstream from the escarpment footslope until the 
rivers start bifurcating (e.g., R2 = 0.30, n = 18 in Etu river). Thus, river channel widening caused 
by extreme flood events is slightly higher at distances far from the footslope of the escarpments 
towards the flood plains in the study rivers. But it should be noted that the widening starts near 
the bridge in some flood events may be due to the flow acceleration under the bridge and energy 
dissipation downstream of it.  
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Figure 5.9 Changes in channel width (ΔW) vs event peak discharges (Qp) of Etu and Hara 
rivers in 2013 and 2014. The logarithmic value of Qp was used to normalize its distribution. 
5.3.5 Channel erosion resistance factors 
Average channel width changes of 0.07 ± 0.6 m, n = 28 for river banks with riparian vegetation, 
0.41 ± 1.18, n = 11 for sand embankments and 2.15 ± 1.46, n = 19 for croplands were found 
per monitoring site (Table 5.4). Channel width changes for banks with riparian vegetation are 
skewed towards lower values and for the sand embankments they are skewed towards higher 
values. Channel width changes for banks with croplands have more or less a normal distribution 
(Fig. 5.10).  
 
The bank resistance factors are rated as 0.66 (riparian vegetation), 0.22 (sand embankments) 
and 0.11 (croplands) (Table 5.4A) based on their resistance to bank erosion using AHP. The 
judgments on the relative importance of the bank resistance factors are at the limit of 
consistency (CR = 0.18). Besides, the analysis of variance performed on the measured changes 
in the width of the rivers  and the Tukey-Kramer multiple comparison method (Table 5.4C) 
showed that riparian vegetation and sand embankments have significant differences from 
croplands in their power of resistance to bank erosion (F = 23, Fcrit = 3, p < 0.01). Riparian 
vegetation and temporary artificial sand embankments have higher resistance whereas 
croplands (with their associated stone and/or soil bunds) have lower resistance to bank erosion. 
The ratings given to the bank resistance factors using AHP and the results of the analysis of 
variance were more or less consistent (Table 5.4A, B, C).  
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Table 5.4 Pairwise comparison matrix used to weigh the bank resistance factors (A); the 
measured variance in the river width (B); and the Tukey-Kramer multiple comparison (C). 
A B C 
 RV SE CL EV ΔWav  St.dev Cmp Ar Cr Dif 
RV 1 5 9 0.66 0.07 0.6 RV - SE 0.3 0.7 Not Sig 
SE 0.2 1 3 0.22 0.41 1.18 RV - CL 2.1 0.7 Sig 
CL 0.11 0.33 1 0.11 2.15 1.46 SE - CL 1.7 0.7 Sig 
Note: = RV = riparian vegetation, = SE= sand embankments, = CL = cropland, = EV = Eigen 
vector, ΔWav = average change in channel width (m), = st.dev = standard deviation, = Cmp = 
comparison of the bank resistance factors, = Ar = absolute range, = Cr = critical range, = Dif = 
difference between Ar and Cr, Sig = significant difference. 
  
 
Figure 5.10   Distribution of the channel width changes (m) related to banks with riparian 
vegetation (RV), sand embankments (SE) and croplands (CL). 
5.4 Discussion 
5.4.1 Flood events and channel widening   
In the short term study period (2013 and 2014), the study clearly shows that there are similar 
widening effects by each flood event throughout the rainy season. This implies that each peak 
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flood is important in terms of triggering channel widening. As the rainy season is very short 
ending in one or two months of low to moderate floods, significant differences in channel 
widening effects among the measured peak discharges may not be found. Since only peak 
discharges are measured, the effects of base flows are not known, however though still they 
may have low or almost no effect on channel widening. It is also observed that the widening 
continued up to the end of the rainy season which is basically attributable to the similar 
catchment responsiveness throughout the rainy season (Fig. 5.11c). Nevertheless, channel 
width change tends to be highly variable (widening and narrowing) at the beginning of the rainy 
season, between July and the mid of August and stabilized towards the end (between mid of 
August and mid of September) (Fig. 5.7 and 5.11e). This is directly related to higher sediment 
variability and inputs at the beginning of the rainy season due to antecedent drier conditions 
and the downturn towards the end (Vanmaercke et al., 2010; Ma et al., 2012) (Fig. 5.11d); 
which in turn may be associated to higher vegetation cover towards the end of the rainy season 
(Descheemaeker et al, 2006; Molina et al., 2007) (Fig. 5.11b). 
 
Some studies made in dryland ephemeral streams in plains (e.g., Dunkerley, 1992; Tooth, 
2000b) report that there are irregularities in downstream channel width changes. Similar results 
were found in this study but with a tendency of downstream increase in channel widening. 
However, it is difficult to compare the results of these studies and the findings presented in this 
study because of difference in research aims, investigation approaches, and catchment 
conditions. Downstream changes in channels are often pronounced particularly in dryland 
ephemeral streams found in plains due to the complex situations such as infrequent floods, flow 
transmissions, slope gradient, and sediment transport processes (Tooth, 2000b; Billi, 2007). The 
widening in the study rivers is related to the decrease in slope gradient and increase in sediment 
deposition attributed to decrease in stream power before they start bifurcating (Billi, 2007).  
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Figure 5.11 Conceptual model of the seasonal behavior of bio-physical and hydrologic 
phenomena, and morphologic behaviors of ephemeral streams in the Raya graben: a) surface 
permeability and infiltration capacity: high at the beginning of a rainy season; b) vegetation 
cover: the density increases toward the end of the rainy season; c) the catchment-specific peak 
discharge coefficient which indicates the effectiveness of transferring daily precipitation into 
stream systems; d) sediment load: it peaks at the beginning of the rainy season and decreases 
towards the end of the rainy season (Vanmaercke et al., 2010); and e) variability of change in 
channel width of rivers in the study area (of Figure 5.8). 
 
Apart from the monitored sites, there were significant changes in channel width at the 
monitored reaches (Fig. 5.12). The rivers take hold of farmlands and change flow direction. 
There was also an avulsion at one of the monitored sites which indicates a continued formation 
of distributary system due primarily to aggradation (the level of the farmlands and the river 
beds shown on the photos) of channels (Stover and Montgomery, 2001; Akhtar et al., 2011).  
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Figure  5.12 Non-monitored areas where channel widening is observed in the study rivers. 
The river widens at the cost of farmland at the middle of the photo. The photo shows the 
downstream reaches in the distributary system of Etu river (August 2014) -, taken by Biadgilgn 
Demissie). 
 
Besides the channel width changes related to flood events in a short term, the study investigated 
the decadal changes in width of the streams in graben bottom. Both temporal scales confirmed 
continuous channel widening in the study rivers but with higher magnitude of widening (yearly) 
in the short time scale. The higher magnitude of channel widening in the short term period may 
perhaps be justified as variability which may have resulted from variability in precipitation, 
flood regimes and sediment transport because dryland streams in grabens are sensitive to short-
term climate variability and human impacts in their headwaters (Bull, 1997; Tooth, 2000b).  
 
However, at the decadal scale, the magnitude of channel widening showed a decreasing rate 
(Table 5.5). As studied by Tesfaalem et al (2015a) in the upper catchment of the study rivers, 
scar density in the steep escarpments decreased due to the recent rehabilitation activities. In the 
graben bottom, the decreasing rate of channel widening may partly be somehow related to the 
rehabilitation activities. Albeit vegetation cover does not show significant influence on the 
channel morphology, potentially, the channel stabilization can be achieved by keeping the 
increasing vegetation cover over the last century in northern Ethiopia highlands 
(Descheemaeker et al., 2006; Nyssen et al., 2014; Frankl et al., 2011, 13) and the catchments 
as well (NDVI = 0.31 in 1986 and 0.48 in 2014 in chapter 4, Table 4.1) which may reduce the 
sediment supply that have contributed to river channel aggradation and hence widening.  
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Table 5.5 Magnitude of channel widening (m) over the years between 1965 and 2014 in Etu 
and Hara rivers. 
 
  1965-1986 1986-2005 2005-2014 
Etu 6 2 0.2 
Hara 9.2 25 11 
Average 7.6 13.5 5.6 
5.4.2 Bank erosion resistance factors  
Many studies (Brice, 1964; Nevins, 1969; Millar, 2000; Gurnell et al., 2009) reported that 
riparian vegetation is very important for channel form stabilization because they affect channel 
pattern. Similarly, bank stabilization using vegetation decreases channel mobility by reducing 
sediment influx and adding bank stability (Beguería et al., 2006; Nyssen et al., 2010; Keesstra 
et al., 2012; Wickert et al. 2013; Lenhart et al., 2013);bank erosion decreases because of riparian 
vegetation cover (Tal and Paola, 2010). In this study, riparian vegetation (trees and shrubs) 
found along the margins of the study rivers affected the changes in channel width. The changes 
in channel width in the cross-sections with riparian woody vegetation are lower than the cross-
sections with no marginal woody vegetation covers within a 5 – 10 m distance. This is because 
river bank vegetation increases the erosion resistance of banks both directly through the 
sediment strengthening and flow diverting effects of plant roots, and indirectly, by trapping 
fine-grained sediments that add cohesion (Smith, 1976; Knighton, 1998) and then increasing 
compaction.  
 
In the two study rivers, both riparian vegetation and sand embankments significantly differ in 
bank erosion resistance from croplands. Despite statistically insignificant, riparian woody 
vegetation types have higher measured and perceived resistance to bank erosion even more than 
sand embankments (Table 5.4B). Besides, since the embankments are temporary interventions 
to reduce flooding over settlement areas and farmlands, their use is not sustainable (Fig. 5.13). 
It can be asserted that riparian vegetation ensures sustainable channel stabilization and reduced 
bank erosion better than any other resistances. Hence, stable channels can be achieved (Mackin, 
1956; Brice, 1964; Nanson and Knighton, 1996) which in turn bring about narrowing of 
channels (Keesstra et al., 2005; Nyssen et al., 2009) and reduced loss of land.  
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Figure 5.13 Riparian woody vegetation (left) and sand embankments (right). The riparian 
vegetation resist the bank erosion whereas the sand embankments are broken (indicated by the 
arrow) allowing the river to  flow towards the settlement areas downstream. Flow direction is 
from left to right in both the left image and right images. Photo of Hara river (June 2014) – by 
Biadgilgn Demissie. 
5.5 Conclusion 
The purpose of this chapter was to investigate the changes in channel geometry (particularly 
width) of ephemeral rivers in graben environments in relation to flash floods coming from upper 
catchments; and the role of riparian bank erosion resistance factors (riparian vegetation, sand 
embankments and cropland) as obstacles to river bank erosion in two catchments (Etu and 
Hara). 
 
The stream channel changes were investigated in two time spans, in a short term (2013 and 
2014) and decadal (between 1965 and 2014). In both cases, channel widening in the two study 
rivers is evident. A yearly widening of 1.8 m in the short term and 0.5 m at decadal level were 
measured. 
 
The channel widening effect of floods measured in the short term show that there is a continuous 
channel widening throughout the rainy season and every peak flood event was found equally 
important in channel bank erosion; every flood event brings about, on average, 0.12 m channel 
widening. 
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The bank erosion resistance was also assessed based on the marginal resistances along the river 
banks. The bank resistances, namely, riparian vegetation, sand embankments and crop land 
were compared based on their strength to protect bank erosion. The riparian vegetation offers 
significantly higher resistance with 0.07 m widening per event as compared to sand 
embankments and croplands, 0.41 m and 2.15 m, respectively. Protecting embankments by 
prohibiting removal of any natural vegetation (by humans or by livestock) is key for stabilizing 
such river banks. 
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Photo: downstream reaches in the distributary system of Etu river (August 2014) - by Biadgilgn 
Demissie  
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This chapter is modified from: 
Biadgilgn Demissie, Nyssen J, Billi P, Mitiku Haile, Frankl A. 2016. Cyclic landscape changes 
in relation to dynamics of ephemeral stream distributary systems in the Raya graben 
bottom (northern Ethiopia)”. River Research and Applications, submitted. 
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Abstract 
Understanding the downstream impacts of ephemeral streams on a landscape, especially those 
with distributary systems, is essential for planning land management. This paper investigates 
land unit changes in the distributary systems of ephemeral streams and detects the random and 
systematic transitions throughout the last five decades along the distributary system of Warsu 
river, northern Ethiopia. Aerial photographs of 1965 and 1986 (at 1:50000 scale) obtained from 
the Ethiopian Mapping Authority (EMA) and satellite imageries (SPOT) of 2007 and 2014 were 
used to extract stream channel beds and land cover classes surrounding the distributary system 
of the Warsu river.  The post-classification comparison change detection method was employed 
to determine land unit changes between successive dates. An extended transition matrix 
indicates that the studied landscape has experienced a transition of 47.8% across the last five 
decades (between 1965 and 2014). The transitions related to swap (a simultaneous gain and loss 
of a land unit) accounted for 37%, whereas net change accounted for 11%. The most systematic 
transitions in terms of gain are from shrubland to farmland (1.6%), alluvial deposit to settlement 
(0.8%) and alluvial deposit to active channel (0.8%); and alluvial deposit to active channel 
(0.8%) and settlement (0.8%) in terms of loss. Most of the systematic transitions are related to 
the dynamics of the distributary systems in the landscape and depict a cyclic transition flow 
from farmland – active channel – alluvial deposits – grassland/shrubland – farmland. The role 
of human interventions and the changes in the land unit particularly related to natural succession 
of vegetation are also very important. 
 
Key terms: Land unit, transition, distributary system, ephemeral stream.  
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6.1 Introduction 
Land cover remains a priority research need as it translates various aspects of human activities 
and earth surface processes (Lambin et al., 2001; Turner et al., 2007). It affects forest resources  
and biodiversity (Ojima et al., 1994; Hansen et al., 2004; Käyhkö et al., 2011), hydrologic 
processes (Klocking and Haberlandt, 2002; DeFries and Bounoua, 2004; Uhlenbrook, 2007; 
Bormann et al., 2009) and agricultural activities by, for example, reflecting increasing or 
decreasing cropland size (Foley et al., 2005). It also affects human settlement patterns with the 
emergence of far reaching rural sprawl (Riebsame et al., 1996), global climate in terms of 
modifications to the solar net radiation balance (Bounoua et al., 2002; Niyogi et al., 2009; 
Pongratz et al., 2009; Houghton et al., 2012; Deng et al., 2013; Ward et al., 2014) and human 
health by defeating/reinforcing infectious diseases (Foley et al., 2005). 
 
Land cover changes are common in the Ethiopian highlands where high population pressure on 
land and land degradation are typical characteristics (Nyssen et al., 2014). There is limited 
research on land cover changes in Ethiopia particularly in relation to rivers that cross the 
landscapes of graben bottoms. Most of these studies focus on the highland areas, above 1500 
m a.s.l., where the rugged terrain favours high soil erosion rates to strongly increase land 
degradation, and thus, land cover changes (Gete and Hurni, 2001), soil degradation and 
rehabilitation (Nyssen et al, 2006; Girmay et al, 2009), watershed management and land cover 
dynamics (Fikir et al., 2009; Meire et al., 2013; Teferi et al., 2013; Nyssen et al., 2014), and 
environmental dynamics and gully and river channel dynamics (Frankl et al., 2011). 
 
Other studies (e.g., Descheemaeker et al, 2006, 2008; Nyssen et al, 2008,  2009; Berhan et al., 
2014; Vanmaerke et al., 2010) focus on catchment hydrology and stream dynamics. Worldwide, 
most studies related to streams focus on the impacts of land use and land cover on stream 
morphology and ecology (Allan, 2004; King et al., 2005; Poff et al., 2006; Kang and Marston, 
2006), as systems influenced by the landscape through which they flow (Vannote et al., 1980; 
Fausch et al., 2002; Townsend et al., 2003), and as river landscape in their own (Ward 1998, 
Robinson et al., 2002). Some studies, such as Salo et al. (1986), investigated the impacts of 
river dynamics, bank erosion and channel change of meandering rivers, on the diversity of 
lowland forests. 
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Hence, only scarce attention has been given to lowlands in which stream dynamics is the direct 
result of processes occurring in the headwaters. Among the northern Ethiopian lowlands, the 
Rift Valley marginal grabens are exemplary plains characterized by streams with distributary 
systems. Most of these rivers have their headwaters in the western steep escarpment and their 
morphologic dynamics, including changes in bedform, width, length and area they occupy on 
the graben bottom, is a common phenomenon (Biadgilgn et al., 2015; Billi, 2007, 2016). Land 
use and land cover situations in the headwaters partially control the river dynamics which, on 
its turn, impacts land cover and farming activities (hereafter, land unit) in the graben floors. In 
the Raya graben  for example, some farmlands have been converted into flood plains and then 
into shrubland and again into farmland (Fig. 6.1); as a cyclic transformation. The degree of 
stream and distributary systems dynamics and their impact on a given landscape in graben 
bottoms is not well understood nor yet well addressed in the literature. 
 
The previous chapters were dedicated to land cover changes in headwaters (chapter 2), and river 
sedimentation (chapter 4) and changes in river morphology (chapters 3 and 5) in the graben 
bottom. Though it is not easy to fully understand the processes of land cover changes and 
associated factors (Turner et al., 2007; Teferi et al., 2013), there is a need to study their link to 
river pattern and distributary systems in graben floors. The purposes of this chapter are therefore 
to: (i) analyze the land unit changes in the graben bottom related to river distributary systems 
dynamics for the last five decades, and (ii) detect and characterize the land unit transitions. 
 
 
Figure 6.1 Land cover changes along the study rivers distributary system: Farmlands taken by 
the rivers and turned into alluvial deposits (in the front of the left image) - the farmer in the 
image is trying to regain part of his farmland; alluvial deposits are turned into shrubland both 
naturally and by human interventions (right image). Photo Gobu river (May 2015) by Biadgilgn 
Demissie. 
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6.2 Materials and Methods 
6.2.1 The study area 
The study site, Warsu catchment (Bn = 19, Table 4.3), lies between 12°11’ - 12°13’ N and 
39°33’ - 39°38’ E including its distributary systems in the graben bottom. It is found in the 
Kobo basin, southern part of the Raya graben in northern Ethiopia (Fig. 6.2). The watershed is 
small with 12 km2 upper catchment area, it is characterized by a rugged and contrasting 
topography, with elevations ranging from 1400 to 1900 m a.s.l., and by a slope gradient ranging 
between 0.0158 m m-1 in the graben bottom and > 0.35 m m-1 in its headwaters.  The drainage 
system originates in the western escarpment and ends up in the graben floor in the east. In the 
upstream reaches bed material median grain size is 1.84. mm.The river has some flow discharge 
only during the rainy season (namely from July to September) and remains dry during the dry 
season. The river forms a distributary system on the graben bottom with more than two 
anabranches. According to its channel morphology and pattern arrangement, Billi (2007) has 
categorized the study river as having a bird-foot type of distributary system with two or more 
primary distributary channels which may further split in downstream reaches (Fig. 6.2). Based 
on our observations in the field, this river is selected further for its distributary system natural 
dynamics (absence/less human interventions along the river banks, such as gabion structures) 
as compared to other anabranching rivers in the graben bottom. Hence, it can be taken as a good 
representative of distributary systems subjected to natural processes and to study its role in land 
unit changes in the surrounding landscape. 
 
The average annual precipitation amounts to 750.4 mm with 143 mm in the dry season (October 
to February), 219.9 mm in the small rain seasons (March to June), and 374.8 mm in the big rain 
season (July to September) in Alamata (graben bottom) and a total of 889.1 mm with 147.7 
mm, 200, and 509.4 mm in the distinct seasons respectively based on precipitation of the upland 
rain gauges of Korem and Maychew (western escarpment). 
 
According to a preliminary survey of the study area, seven land units, namely farmland, 
grassland, shrubland, bushland, forest, settlement, bar, alluvial deposit, , and the active stream 
channels were observed. The dominant land units are farmland and shrubland; few patches of 
grassland and forest are present as well. The land units in this chapter are different from those 
in chapter two because they are found in different landscapes. The land units in chapter two are 
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found in steep escarpments where as the land units in this chapter are found in a flat graben 
bottom. They are different mainly due to their elevation, slope gradient and interaction with the 
river systems.  
 
 
Figure 6.2 Location and topography of the study area. A represents the upper catchment and 
B represents the influence area of the distributary systems of the study river in the graben 
bottom. 
6.2.2 Data used and image pre-processing 
Data used 
Aerial photographs and satellite images were used for this study. The earliest known remote 
sensing data sources in northern Ethiopia are black and white aerial photographs of the 1930s 
which were acquired by the Istituto Geografico Militare (IGM) during the Italian occupation of 
Ethiopia (Nyssen et al., 2016). Later, the Ethiopian Mapping Authority (EMA) has taken aerial 
photographs of the study area in 1965 and 1986. However, the 1930s aerial photographs do not 
cover the study area as required and were not used in this study.  
 
Aerial photographs of 1965 (captured on October 24, serial number = R185, 18475) and 1986 
(captured on 13 of November, serial number = S12-02, 85) having scale of 1:50000 (ground 
resolutions of 1–2 m) were collected from the Ethiopian Mapping Authority. They were 
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scanned at a resolution of 1200 dpi with a desktop scanner (Appenix A1, Table A1-1). SPOT 
satellite images of 2007 (captured on October 27) and 2014 (captured on October 14) with 
resolution of 2.5 m were consulted on Google Earth (Appenix A1, Table A1-1). This platform 
offers high resolution GeoEye-1 (resolution of 0.50 m), Digital Globe (resolution of 0.60 m), 
and CNES SPOT (resolution 2.5 m) images of 2005–2014, and allows 3D visualization of the 
images. Moreover, two 1:50000 topographical maps of the study area (Alamata and Kobo), 
which were developed on the base of the 1986 aerial photographs were also purchased. For 
more details about the data see appendix A1, Table A1-1 
 
Time series of aerial photographs and satellite images processing 
 
Next, the aerial photographs and satellite images were geometrically rectified into the UTM-
WGS1984 coordinate system. Concerning the aerial photographs, as the study area lies 
completely within a single aerial photo and as it is very flat, the geometric rectification was 
done from image-registration (Hughes et al., 2006; James et al., 2012). Image registration 
method was used to fit the aerial photographs of the 1986 to the recent rectified SPOT imagery 
and the 1965 aerial photo to the 1986 aerial photographs (after rectification) of the study area. 
It is easier to co-register the 1965 aerial photo to the 1986 aerial photographs for two reasons: 
firstly, the 1986 is temporally closer to 1965 and secondly, as both are black and white images, 
it is easier to recognize features that are commonly found in both aerial photographs. The 
image-registration was performed using point or landmark mapping technique (Brown, 1992) 
for which 11 control points were collected from SPOT image available in Google Earth. Google 
Earth image allows studying hydrographic and geomorphic features at acceptable accuracies 
(~5 m) in Northern Ethiopia (Frankl et al., 2013) and other applications (Jacobson et al., 2015; 
Large and Gilvear, 2015; Wirth et al., 2015; Qi et al., 2016; Sadr, 2016). Features which are 
likely to be uniquely found in both images, namely, churches in our case are identified for 
registration. The advantage of such an image registration is that sufficient number of 
corresponding points can be identified on both layers. As shown by Hughes et al. (2006) and 
James et al. (2012), such an approach can yield reasonable results when considering small areas 
and using enough control points that are located close to the features of interest. 
 
Standard point-mapping techniques can be used to register images for which the transformation 
necessary to align the images is unknown. Global methods based on point matching, such as 
polynomial transformations use a set of matching points to perform image registration. In many 
registration problems, the precise form of the mapping function is unknown, and therefore a 
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general transformation is needed (Glasbey and Mardia, 1998; Zitová and Fluzzer, 2003; Salvi 
et al., 2007). Polynomial transformations are one of the most general global transforations and 
can account for many types of distortions so long as the distortions do not vary too much over 
the image and distortions due to moderate terrain relief can often be corrected by a polynomial 
transformation; for this reason, polynomial transformations are typically used (Brown, 1992; 
Glasbey and Mardia, 1998). In registration of remotely sensed data third or higher order 
polynomial transforamtions are used (Richards, 1986; Glasbey and Mardia, 1998). Hence, third 
order polynomial transformations (with ArcGIS 10.3) were performed, using 11 ground control 
points that were derived from Google Earth images with a ground accuracy of 0.51 m for the 
1986 aerial photograph. The 1965 aerial photograph was co-registered to the 1986 aerial 
photograph using 11 ground control points at 2.03 m ground accuracy.  
 
For an image registration using third order polynomial transformation, 9 ground control points 
are the minimum requirement (Brown, 1992; Glasbey and Mardia, 1998); in this study, 11 
control points were used. Small number of control points were used because it was very difficult 
to identify features commonly found in the two images. But, since the size of the study area is 
small and flat, the result of the image registration was acceptable. Once all photographs and 
images were geometrically rectified, they were organized as layers in a Geographic Information 
System (GIS) environment 
6.2.3 Extraction of land units 
Before starting to extract the land units, the area within which the distributary system of the 
river wanders (influence area) was determined by buffering 30 m (the maximum shift in the 
main channel observed) from the active channels in 2014. To extract features, subsequent 
screen-digitizing of the user-defined land units (Table 6.1) were performed on the orthophoto 
and the satellite images in ArcGIS. Unambiguous definition is given to each class to make them 
mutually exclusive. Accuracy of the classification was assessed by means of the method used 
by Congalton and Green (2009). Ground control points (55) collected using Garmin GPS (with 
a precision of 3-5 m) were used to assess classification accuracy. 
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Table 6.1 Description of land units; active channel, bar, and alluvial deposit after Billi (2007); 
other classes after de Mûelenaere et al. (2014). The screen shots of each class is indicated in the 
last three columns. 
 
6.2.4 Change detection and rate of change 
Detecting land unit transformations 
To detect changes in land units over time, post-classification comparison change detection was 
employed on independently classified images of two different dates (Jensen, 2005). Though the 
method has limitations, it is the most utilized method since its output is an image that contains 
classes indicating how the class values of two thematic images overlap (Singh 1989; Yang and 
Lo, 2002; Coppin et al., 2004; Jensen, 2005; Yuan et al., 2005). The conventional transition 
matrices were computed using the matrix union function in ERDAS Imagine software (Table 
6.2). The notation Pij denotes the proportion of the land unit that experiences a transition from 
class i in time 1 to class j in time 2. Entries on the diagonal (the cell that relates the same land 
unit in two different timelines) indicate persistence, thus Pjj denotes the proportion of the land 
unit that shows persistence of class j. Entries off the diagonal indicate a transition from class i 
to a different class j. The notation Pi+ in the total of the rows denotes the total for class i in time 
1 under all the classes in time 2. The totals in the row under each column denoted by P+j indicate 
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the proportion of the land unit in class j in time 2, which is the sum over all the columns of the 
transition matrix. 
  
Gross gains, losses and persistence: Analysis of transitions (gains, losses, and persistence) 
(Versace et al., 2008; Braimoh, 2006; Pontius et al., 2004; Teferi et al., 2013; Zhou et al., 2014; 
Yuan et al., 2016) were carried out for each of the periods 1965-1986, 1986-2007, 2007-2014 
and 1965-2014. The changes in the land units were summarized in terms of gain and loss, and 
swap and net change based on the methodology of Pontius et al. (2004). This approach 
distinguishes important patterns of land unit change distinct from the high level of persistence 
(Versace et al., 2008). Gain refers to the increase in area of a land cover between time 1 and 2. 
It is calculated using the formula:  
Gain = P+j – Pjj,            (6.1)  
where, P+j = the column total of cover type j, Pjj = the persistence of cover type j of the transition 
matrix  
Loss refers to a decrease in area of a land cover between time 1 and 2 and it is computed using: 
Loss, l = Pi+ - Pii,            (6.2)  
where, Pi+ is the row total of cover type i, Pii is the persistence of cover type i of the transition 
matrix between time 1 and 2. 
 
The persistence indices explained by Braimoh (2006) were used to assess the persistence 
characteristics of the different land units in relation to gain, loss, and net change. The gain-to-
persistence ratio was calculated as gp = gain/persistence, the loss-to-persistence ratio was 
calculated as lp = loss/persistence and the net change-to-persistence was calculated as np = gp - 
lp. 
 
Swap and net change: Swap is defined as the change in location of a land cover between time 
1 and time 2, which is derived from simultaneous gross gain and gross loss (Versace et al., 
2008; Braimoh, 2006; Pontius et al., 2004). The swap gives more meaning to the interpretation 
of a situation where the net change in a land cover type is zero and avoids the tendency of 
interpreting the situation to mean no change. Net change is the difference (only in quantity) in 
area of a land cover between time 1 and time 2. The swap shows a simultaneous gain and loss 
of a land cover type on the landscape and accounts for change in location. Thus, the amount of 
swap (Sj) of class j is computed using: 
Sj = 2*Min (l, g) (Braimoh, 2006)         (6.3) 
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Net change in a land unit is calculated by the following formula (Pontius et al., 2004; Yuan et 
al., 2016) 
Nj = g – l             (6.4) 
Total change is the total area of land unit change related to class j. It includes both land unit net 
change and swap of class j and it is calculated using the formula: 
Tj = Nj +Sj. (Yuan et al., 2016)         (6.5)  
 
Table 6.2 Transition matrix for detecting transitions among land units (after Pontius et al., 
2004). 
 
Time 2 
   Class 1 Class 2 Class 3 Class 4 Total Time 1 Loss 
Ti
m
e 
1 
Class 1 P11 P12 P13 P14 P1+ P1+ - p11 
Class 2 P21 P22 P23 P24 P2+ P2+ - p22 
Class 3 P31 P32 P33 P34 P3+ P3+ - p33 
Class 4 P41 P42 P43 P44 P4+ P4+ - p44 
Total time 2 P+1 P+2 P+3 P+4 1  
  Gain  P+1 − P11 P+2 - P22 P+3 − P33 P+4 − P44     
 
 
Random and systematic transitions 
The random and systematic inter-class transitions were analyzed by first computing expected 
gains and losses.  The expected gain (Gij) of land unit class j from another type i was computed 
using the following formula (Pontius et al., 2004; Versace et al., 2008; Braimoh, 2006):  
Gij = (P+j – Pjj) (
௉೔శ
ଵ଴଴ି௉ೕశ
),∀݅	 ≠ ݆         (6.6) 
The equation distributes the gain across the classes according to the relative proportion of the 
other classes in time 1 (Pontius et al., 2004). It distributes the gains in each column to off-
diagonal cells in the columns. For the diagonal cells, it assumes that the expected number is 
equal to the observed number. The difference between the observed and expected gains,GDij, 
(observed transition – expected gain) are computed to see whether a land cover class is gaining 
more or less. If the difference is positive, the land cover class in time1 is said to have lost more 
to the land cover class in time 2 than expected. On the other hand, if the difference is negative, 
the land cover class in time 1 is said to have lost less to the land cover class in time 2 than 
expected (Versace et al., 2008; Braimoh, 2006; Pontius et al., 2004). 
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Similarly, the expected loss of a land unit class i to another class j (Lij) represent a loss under a 
random process and is computed using the formula (Pontius et al., 2004; Versace et al., 2008; 
Braimoh, 2006): 
Lij = (Pi+ – Pjj) (
௉శೕ
ଵ଴଴ି௉శ೔
),∀݅	 ≠ ݆         (6.7) 
In the computation of expected loss under random processes of transition, it is assumed that the 
loss of each land unit is fixed and the loss under each row is distributed across the other classes 
according to the relative proportion of the other classes in time 2 (Pontius et al., 2004).The 
expected losses of the diagonals are assumed to be the same to the observed transitions; hence, 
the loss in the rows are distributed among the off-diagonal cells. The difference between the 
observed transitions and the expected losses (LDij) are computed and if the difference is 
positive, the land cover class in year 1 is said to have lost more for the land cover class in year 
2 than expected; otherwise the land cover class in the base  year is said to have lost less for the 
land cover class in the current year than expected (Versace et al., 2008; Braimoh. 2006; Pontius 
et al., 2004). Values close to zero, both in terms of gain and loss, are in favor of persistence. 
6.3 Results 
6.3.1 Accuracy assessment 
Classification accuracy was assessed for the land unit classifications of 2014. According to the 
confusion matrix totals (Table 6.3), overall accuracy of 95% and a Kappa Coefficient of 0.94 
were achieved. The accuracy assessment results represent strong agreement between the ground 
truth data and the classified land units. Hence, the classification results attained the minimum 
requirement for post classification activities related to change detection (Anderson et al., 1976).  
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Table 6.3 Accuracy totals for the land unit classification 
 
Overall accuracy = 95%, Kappa statistics = 0.94 
6.3.2 Land unit distribution 
Figures 6.3 and 6.4 depict the distribution of the land units over the last five decades. Within 
the given influence areas of the distributary system of the study river, farmland takes the highest 
proportion (84% in 1965, 78% in 1986, 76% in 2007 and 81% in 2014). Next to farmlands, 
shrubland take the highest proportion with 7.6% in 1965, 8% in 2007 and 7.4% in 2014, and 
active channel (6.6%) takes the second position in 1986. Active channel remains to take the 
third highest proportion in the landscape throughout. It can be noticed that larger stream channel 
elements, both active channels and depositions, are observed in 1986. Most of the land units 
are found in the areas where the distributary system starts (Fig. 6.4). Concomitant to the changes 
in the river system, there was an increase in the length of the river (total of all branches of the 
distributary system) from 2.4 km in 1965 to 7.3 km in 2014. 
 
 
Land units 
Total 
Reference 
Total 
Classified 
Correctly 
Classified 
 Producers 
Accuracy 
Users 
Accuracy 
Active channel 9 10 9 100% 90% 
Alluvial 
deposits 9 8 8 89% 100% 
Forest 5 4 4 80% 100% 
Farmland 8 9 8 100% 89% 
Grassland 8 7 7 88% 100% 
Settlement 8 8 8 100% 100% 
Shrubland 8 9 8 100% 89% 
Total 55 55 52     
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Figure 6.3 Temporal distribution of land units in the study area (ha).  Acronyms as in table 6.1. 
 
 
Figure 6.4 Landscape map of the Warsu river in 1965, 1986, 2007 and 2014. Acronyms as in 
table 6.1. 
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6.3.3 Land unit transitions 
The transitions from one land unit to another are presented for four transition periods between 
1965 and 1986, 1986 and 2007, 2007 and 2014, and 1965 and 2014. Tables 6.4 to 6.7 summarize 
the gain, loss, swap and net-change of each land unit in different transition periods. The 
trajectory map for land unit changes is presented in Fig. 6.5. 
 
Transitions between 1965 and 1986 
Active channel, farmland, forest and shrubland have experienced more gain, whereas farmland 
and shrubland experienced more loss in the period between 1965 and 1986 (Table 6.4). Active 
channel and farmland have experienced the highest gain, 5.9% and 5% of the landscape, 
respectively. Similarly, farmland has experienced the highest loss (11.1%) followed by 
shrubland (6.5%). The net change shows that farmlands lost 6.4%, whereas active channel 
gained 4.5% of the entire landscape. Most of the losses in farmland are transitions to active 
channel. The changes related to swap were the highest for farmland (9.3%) followed by 
shrubland (3.2%) indicating that these land units experienced high transformations both in 
terms of gain and loss. 
 
Table 6.4 Transition matrix for land unit changes (%) from one land unit class to another 
between 1965 (values in the rows) and 1986 (values in the columns).  
        1986 
1965 
AC 
 
AD 
 
BA 
 
BU 
 
FA 
 
FO 
 
G 
 
Se 
 
SH 
 
Pi+ 
 
Loss 
 
Sj 
 
Nj 
 
Tj 
 
gp 
 
lp 
 
AC 0.7 0.0 0.0 0.1 0.1 0.3 0.3 0.1 0.5 2.1 1.4 2.8 4.5 7.4 8.4 2.0 
AD 0.0 1.2 0.0 0.0 0.2 0.0 0.0 0.6 0.0 2.1 0.9 1.7 1.1 2.5 1.7 0.7 
BU 0.1 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.1 1.3 1.3 0.4 1.1 1.5   
FA 4.4 1.9 0.2 0.1 73.1 1.7 0.2 0.4 2.2 84.1 11.1 9.3 6.4 15.7 0.1 0.2 
FO 0.2 0.1 0.0 0.0 0.3 1.3 0.0 0.0 0.4 2.4 1.1 2.2 3.4 5.6 3.5 0.9 
G 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.3 0.3 0.3 0.5 0.8   
SH 1.2 0.0 0.0 0.1 2.8 2.2 0.3 0.0 1.1 7.6 6.5 3.2 3.3 6.5 3.0 6.2 
P+j 6.6 3.2 0.2 0.2 77.7 5.8 0.8 1.1 4.3 100.0 22.7 20.1 20.4 40.5   
Gain 5.9 0.1 0.2 0.2 5.0 4.2 0.8 1.1 3.2 20.8             
*AC to SH see table 6.1; P+j = total in time 1, Pi+ = total in time 2, Sj = swap (the amount of simultaneous gain and 
loss, Nj = net change, Tj = total change (Nj + Sj), gp = gain-to-persistence ratio, lp = loss-to-persistence ratio. 
 
Transitions between 1986 and 2007 
In the period between 1986 and 2007 (Table 6.5), active channel, forest, shrubland and farmland 
lost more area. Similarly, in the same period, shrubland, grassland, active channel and farmland 
tend to gain more land area than the other land units. Farmland lost the most (7.2%), whereas 
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shrubland gained the most (7.3%). However, the net change and swaps indicate that forests 
were totally transformed preferentially into shrubland and farmland. The changes attributable 
to swap are the highest in farmland (11.9%) followed by shrubland (6.9%). 
  
Table 6.5 Transition matrix for land unit changes (%) from one land unit class to another 
between 1986 (values  in the rows) and 2007 (values in the columns).  
        2007 
1986 
AC 
 
AD 
 
BA 
 
FA 
 
G 
 
Se 
 
SH 
 
Pi+ 
 
Loss 
 
Sj 
 
Nj 
 
Tj 
 
gp 
 
lp 
 
AC 3.2 0.9 0.1 0.9 0.4 0.1 1.1 6.6 3.5 4.9 1 5.9 0.8 1.1 
AD 0.1 1.1 0.0 0.0 0.8 0.2 1.1 3.2 2.1 3.1 0.5 3.7 1.4 1.9 
BA 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.4 0.0 0.4   
BU 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.0 0.2 0.2   
FA 1.7 0.2 0.0 70.5 2.9 0.4 2.1 77.7 7.2 11.9 1.3 13.1 0.1 0.1 
FO 0.2 0.0 0.0 2.2 1.2 0.0 2.2 5.8 5.8 0.0 5.8 5.8   
G 0.2 0.3 0.0 0.1 0.0 0.0 0.3 0.8 0.8 1.6 4.6 6.2   
Se 0.1 0.0 0.0 0.0 0.0 1.0 0.0 1.1 0.1 0.1 0.6 0.7 0.6 0.1 
SH 0.3 0.3 0.0 2.7 0.2 0.0 0.8 4.3 3.5 6.9 3.8 10.7 9.1 4.4 
P+j 5.6 2.7 0.1 76.4 5.4 1.7 8 100.0 23.4 28.8 17.9 46.7   
Gain 2.4 1.6 0.1 5.9 5.4 0.7 7.3 23.4             
*AC to SH see table 6.1; P+j = total in time 1, Pi+ = total in time 2, Sj = swap (the amount of simultaneous gain and 
loss, Nj = net change, Tj = total change (Nj + Sj), gp = gain-to-persistence ratio, lp = loss-to-persistence ratio. 
 
Transitions between 2007 and 2014 
In the period between 2007 and 2014, farmland has experienced the highest gain, 7.4% of the 
landscape, whereas the highest loss was observed in shrubland (4.3%) and grassland (4.1%) 
(Table 6.6). Most of the losses in shrubland are transitions to farmland. Most of the gains in 
farmland are transformations from grassland and shrubland. This implies that the farmers tend 
to retrieve farmlands that were formerly taken by the streams after some pioneer vegetation 
could be established on the alluvial deposits.  
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Table 6.6 Transition matrix for land unit changes (%) from one land unit class to another 
between 2007 (values in the rows) and 2014 (values in the columns).  
       2014 
2007 
AC 
 
AD 
 
FA 
 
FO 
 
G 
 
Se 
 
SH 
 
Pi+ 
 
Loss 
 
Sj 
 
Nj 
 
Tj 
 
gp 
 
lp 
 
AC 3.5 0.5 0.9 0.0 0.2 0.0 0.4 5.6 2.1 4.2 0.2 4.4 0.7 0.6 
AD 0.7 0.2 0.3 0.0 0.0 0.3 1.2 2.7 2.6 2.5 2.6 5 6.8 14.2 
BA 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.0 1.1 1.1   
FA 1.2 0.4 73.9 0.0 0.3 0.0 0.5 76.4 2.5 5 4.9 9.9 0.1 0.0 
G 0.0 0.1 2.5 0.0 1.3 0.0 1.4 5.4 4.1 1.7 3.2 5.0 0.7 3.2 
Se 0.1 0.0 0.0 0.0 0.0 1.5 0.0 1.7 0.2 0.4 0.2 0.6 0.3 0.1 
SH 0.2 0.2 3.6 0.0 0.3 0.0 3.7 8.0 4.3 7.3 0.7 8.0 1.0 1.2 
P+j 5.8 1.4 81.3 0.0 2.1 1.9 7.4 100.0 15.9 21.1 13.0 34.0   
Gain 2.3 1.2 7.4 0.0 0.9 0.4 3.6 15.9             
*AC to SH see table 6.1; P+j = total in time 1, Pi+ = total in time 2, Sj = swap (the amount of simultaneous gain and 
loss, Nj = net change, Tj = total change (Nj + Sj), gp = gain-to-persistence ratio, lp = loss-to-persistence ratio. 
 
Transitions between 1965 and 2014 
Over the last five decades (1965 - 2014) (Table 6.7), both shrubland and farmland have 
experienced loss of 6.6% and 9.9% and gain of 7.2% and 8.7% of the entire landscape, 
respectively. The changes accountable to swap were highest in farmland (17.4%) and shrubland 
(13.2%). Remarkably, the gain-to-persistence ratio (gp) in Table 6.7 is greater than 1 for active 
channel (10.2), alluvial deposit (16.6%), grassland (5.5%) and shrubland (7.4%) indicating that 
these land classes experienced more gain than persistence. Besides, active channel, alluvial 
deposit and shrubland have also a loss-to-persistence ratio of greater than 1 showing that they 
have a higher tendency of transforming to other land units than persisting. The net change-to-
persistence ratio (np) computed as the difference between gain-to-persistence ratio (gp) and loss-
to-persistence ratio (lp) show that only alluvial deposits have negative np indicating that they 
have high tendency of transferring to other land units than persistence. Unlike this, active 
channel (6.3%) and grassland (5.3%) have high tendency of gaining more than they persist. 
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Table 6.7 Transition matrix for land unit changes (%) from one land unit class to another 
between 1965 (values in the rows) and 2014 (values in the columns).  
        2014 
1965 AC AD FA FO G Se SH Pi+ loss Sj Nj Tj gp lp np 
AC 0.4 0.0 0.8 0.0 0.0 0.1 0.7 2.1 1.7 3.4 2.7 6.1 10.2 3.9 6.3 
AD 0.9 0.0 0.2 0.0 0.0 0.9 0.2 2.1 2.1 1.3 1.4 2.7 16.6 51.1 -34.5 
BU 0.0 0.0 1.2 0.0 0.2 0.0 0.0 1.3 1.3 0.0 1.3 1.3    
FA 3.0 0.5 74.2 0.0 0.4 0.5 5.5 84.1 9.9 17.4 1.2 18.6 0.1 0.1 0.0 
FO 0.1 0.1 1.0 0.0 0.5 0.0 0.7 2.4 2.4 0.1 2.4 2.4    
G 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.1 0.1 1.6 1.7 5.5 0.2 5.3 
SH 0.5 0.0 5.5 0.0 0.5 0.0 1.0 7.6 6.6 13.2 0.6 13.8 7.4 6.7 0.6 
P+j 4.8 0.7 82.9 0.0 1.9 1.5 8.2 100 24.1 35.5 11.2 46.7    
Gain 4.4 0.7 8.7 0.0 1.6 1.5 7.2 24.1               
*AC to SH see table 6.1; P+j = total in time 1, Pi+ = total in time 2, Sj = swap (the amount of simultaneous gain and 
loss, Nj = net change, Tj = total change (Nj + Sj), gp = gain-to-persistence ratio, lp = loss-to-persistence ratio, np = 
net change-to-persistence ratio. 
 
 
Figure 6.5 A trajectory of the major land unit changes in three successive transformation 
periods. Acronyms as in table 6.1. In the legend, others indicates minor changes (< 0.9%). 
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6.3.4 Random and systematic inter-class transitions from 1965 to 
2014 
The expected gains (Gij) under a random process of gain are shown in Table 6.8. The most 
systematic transitions are also mapped in Fig. 6.6. The differences between the observed 
transitions (Table 6.7) and expected gains (Gij) are given as GDij. The ratio of the difference 
between observed transitions and expected gains relative to the expected gains is also given as 
GRij. Numbers in GDij closer to zero indicate random transitions between classes, while 
numbers farther from zero imply a systematic change. 
  
The differences between observed and expected gains for changes from shrubland to farmland 
(1.7%), alluvial deposit to settlement (0.8%), alluvial deposit to active channel (0.8%), and 
active channel to shrubland (0.6%) show higher systematic transitions in the landscape. There 
were also systematic transitions of 0.5% of the landscape from bushland to farmland, forest to 
grassland and forest to shrubland. Hence, remarkably, shrubland in 1965 are systematically 
replaced by farmlands in 2014 followed by the transitions from alluvial deposits to settlement 
and active channel. 
 
There were higher negative differences between the observed transitions and expected gains for 
farmlands to grassland (-1.0%), farmland to shrubland (-1.0%), alluvial deposit to farmland (-
0.9%), farmland to active channel (-0.9%) and farmland to settlement (-0.7%). This indicates 
that grassland, shrubland, active channel and settlement systematically avoid gaining from 
farmland. On the other hand, farmlands systematically avoid gaining from alluvial deposits.  
All other differences between observed land unit transitions and expected gains among land 
units in the landscape are closer to zero and the gains in the land units can be attributed to 
random processes. 
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Table 6.8 Random and systematic inter-class transitions in terms of gain between 1965 and 
2014 
 
1965/2014   AC AD FA FO G Se SH Total Loss 
AC Gij 0.4 0.0 1.1 0.0 0.0 0.0 0.2 1.7 1.3 
 GDij 0.0 0.0 -0.3 0.0 0.0 0.0 0.6   
 GRij 0.1 0.8 -0.2 -1.0 -0.1 1.4 3.5   
AD Gij 0.0 0.0 1.1 0.0 0.0 0.0 0.2 1.4 1.3 
 GDij 0.8 0.0 -0.9 0.0 0.0 0.8 0.0   
 GRij 59.3 0.0 -0.9 36.1 -1.0 26.4 0.0   
BU Gij 0.1 0.0 0.7 0.0 0.0 0.0 0.1 0.9 0.8 
 GDij 0.0 0.0 0.5 0.0 0.1 0.0 -0.1   
 GRij -0.8 -1.0 0.7 -1.0 6.6 -1.0 -1.0   
FA Gij 3.9 0.6 74.6 0.0 1.4 1.3 6.6 88.3 84.0 
 GDij -0.9 0.0 0.0 0.0 -1.0 -0.7 -1.0   
 GRij -0.2 -0.1 0.0 -0.7 -0.7 -0.6 -0.2   
FO Gij 0.0 0.0 1.2 0.0 0.0 0.0 0.2 1.5 1.5 
 GDij 0.1 0.1 -0.2 0.0 0.5 0.0 0.5   
 GRij 38.7 4.3 -0.2 -1.0 1.7 -1.0 2.8   
G Gij 0.0 0.0 0.2 0.0 0.3 0.0 0.0 0.5 0.5 
 GDij 0.0 0.0 -0.2 0.0 0.0 0.0 0.0   
 GRij -0.7 -1.0 -0.9 -1.0 0.0 -1.0 0   
SH Gij 0.3 0.1 3.8 0.0 0.1 0.1 1.0 5.5 5.1 
 GDij 0.1 0.0 1.7 0.0 0.6 -0.1 0.0   
 GRij 0.4 -0.4 0.4 -1.0 3.4 -1.0 0.0   
Total Gij 4.7 0.7 82.8 0.0 1.9 1.5 8.2 100  
 Gain Gij 4.3 0.7 81.2 0.0 1.9 1.5  8.0   
* AC to SH see table 6.1; Gij = expected gain, GDij = the difference between the observed transitions and expected 
gains, GRij = the ratio of GDij to Gij. 
 
Table 6.9 illustrates the analysis of losses by portraying the relationships between observed 
transitions and expected losses. It shows the expected loss (Lij), the difference between the 
observed transitions (Table 6.7) and expected losses (LDij) and the difference between the 
observed transitions and expected losses relative to the expected losses (LRij). The results show 
that there was higher systematic loss in alluvial deposit to active channel (0.8%) and settlement 
(0.8%). Though with lower magnitude, the difference between observed transitions and 
expected losses of the exchanges from active channel to shrubland (0.6%), forest to grassland 
(0.5%) and forest to shrubland (0.5%) indicate systematic transitions. 
 
There were negative changes for the differences between observed transitions and expected 
losses that dominantly existed between farmland and majority of the land units (Table 6.9). The 
negative differences between the observed transitions and expected losses from active channel 
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to farmlands (-0.6%), alluvial deposits to farmlands (-1.6%) and shrubland to farmland (-0.6) 
indicate that the other land units systematically avoid transferring to farmland. Contrarily, there 
were higher systematic avoidance by farmlands not to lose to grassland (-0.8).  
 
 
 
Figure 6.6 The most systematic transitions between 1965 and 2014 (A), and the most 
systematic avoidances of transitions (B). In A, observed transitions are greater than expected 
gains and/losses, whereas in B, observed transitions are lower than expected gains and/or losses 
under random transitions of the land units. Acronyms as in table 6.1. In the legend, others 
indicates minor changes (< 0.6% for transition  and > -0.6% for avoidance). 
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Table 6.9 Random and systematic inter-class transitions in terms of loss between 1965 and 
2014 
 
1965/2014  AC AD FA FO G Se SH Total Loss 
AC Lij 0.4 0.0 1.4 0.0 0.0 0.0 0.1 2.0 1.6 
 LDij 0.0 0.0 -0.6 0.0 0.0 0.1 0.6   
 LRij 0.1 1.1 -0.4 -1.0 0.0 2.0 4.3   
AD Lij 0.1 0.0 1.7 0.0 0.0 0.0 0.2 2.1 2.0 
 LDij 0.8 0.0 -1.6 0.0 0.0 0.8 0.0   
 LRij 7.4 0.0 -0.9 36.0 -1.0 26.8 -0.1   
BU Lij 0.1 0.0 1.1 0.0 0.0 0.0 0.1 1.4 1.3 
 LDij -0.1 0.0 0.0 0.0 0.1 0.0 -0.1   
 LRij -0.8 -1.0 0.0 -1.0 5.4 -1.0 -1.0   
FA Lij 3.0 0.4 74.2 0.0 1.2 0.9 5.1 84.9 81.9 
 LDij -0.1 0.1 0.0 0.0 -0.8 -0.4 0.4   
 LRij 0.0 0.2 0.0 -0.6 -0.7 -0.4 0.1   
FO Lij 0.1 0.0 2.0 0.0 0.0 0.0 0.2 2.5 2.3 
 LDij 0.0 0.1 -1.0 0.0 0.5 0.0 0.5   
 LRij -0.3 3.9 -0.5 -1.0 9.7 -1.0 2.5   
G Lij 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.4 0.3 
 LDij 0.0 0.0 0.0 0.0 0.0 0.0 0.0   
 LRij 1.0 -1.0 -0.5 -1.0 0.0 -1.0 5.3   
SH Lij 0.3 0.1 5.9 0.0 0.1 0.1 1.0 7.5 7.2 
 LDij 0.1 0.0 -0.4 0.0 0.6 -0.1 0.0   
 LRij 0.4 -0.4 -0.1 -1.0 3.0 -1.0 0.0   
Total Lij 4.0 0.6 86.5 0.0 1.8 1.1 6.7 100.0  
Gain Lij 3.6 0.6 85.1 0.0 1.7 1.1 6.6   
* AC to SH see table 6.1; Lij = expected loss, LDij = the difference between the observed transitions and expected 
loss, GRij = the ratio of LDij to Lij. 
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6.4 Discussion 
6.4.1 Land unit distribution and transition 
In this study, the active channel, alluvial deposits, bars and parts of the shrubland and grassland 
are considered to be integral parts of the stream channels and their distributary systems. 
Shrubland and grassland are considered as parts of the stream systems because in some way or 
another, at a certain point in time, they were part of the active channel or alluvial deposits. They 
are transformations of either cropland due to river invasions or abandoned stream channel beds. 
 
In the landscape, the highest transitions are recorded in farmland between 1965 and 1986 when 
there was higher loss in farmland than gain, which is basically attributable to the increase in the 
size of the distributary system (Lorang and Hauer, 2006) of the study river; a period of river 
expansion. Large farmland areas were transformed into active channel which in turn may be 
attributable to high aridity (Fig. 6.7) in the period between the 1970s and the 1990s and 
clearance of vegetation in the upper catchments excacerbating river morphodynamics 
downstream (Frankl et al., 2011).The period between 1986 and 2007 was a time when more 
gains were experinced in shrubland and grassland, mostly from farmland, forest and active 
channel. It was a period of natural succession of vegetation. In the following years of transition 
between 2007 and 2014, shrubland showed more transformations to grassland and farmland. 
These are directly related to human activities, such as overgrazing, tree cutting for fuel wood 
and farmers reclamation of the land next to the river; this is mainly a period of land reclamation. 
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Figure 6.7 The temporal trend of annual precipitation (PPT) for Alamata, Korem and 
Maychew as representative of the precipitation conditions of the escarpment since the 1970s. 
The data was obtained from the Ethiopian Meteorological Agency. 
6.4.2 Random and/or systematic transitions 
In the study of transitions it is rudimentary to investigate whether the transitions are random or 
systematic (Pontius et al., 2004; Braimoh, 2006). One may be misled by the transition matrix 
that the transition in the farmland is systematic based on the large transition magnitude 
accounted for its large share in the landscape. For example, the largest magnitude of transition 
in 1965-2014 took place in farmland. Similarly, active channel (2.7% gain) and forest (2.4% 
loss) have the highest net change in the period between 1965 and 2014. Based on the net change 
it would be naive to conclude that active channel gained from forest or otherwise. The swaps 
are higher for farmland, shrubland and active channel. These results, however, do not tell us the 
sources of the gain and the destinations of the loss, nor whether they are random or systematic. 
Hence, analysis of the random and/or systematic transitions based on gain and loss were 
required (Versace et al., 2008). 
  
The incidences of systematic gains and losses in Tables 6.8 and 6.9 show that the most 
systematic indications of land unit change were conversions from shrubland to farmland, 
alluvial deposit to settlement, alluvial deposit to active channel, active channel to shrubland and 
shrubland to grassland. They are systematic because they are the most common transitions 
among the land units (Braimoh, 2006). The rest of the changes are less systematic or random 
transitions. 
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The conversion of shrubland to grassland underscores the ease of transition due to clearing of 
shrubland by the farmers for various purposes, such as fire wood and grazing. In a similar 
reasoning, the conversion from shrubland to farmlands imply that the farmers take over the 
shrubland for farming activities. The transitions in Table 6.7 confirm that large proportions of 
farmlands were taken by active channel, shrubland and grassland in the transition periods 
between 1965 and 2007 whichdenotes that the shrubland and grassland (later converted to 
shrubland between 2007 and 2014) were part of the farmland in earlier times and were taken 
by the river system. Hence, they regained the land after abandoning by the river of the 
channels/flood plains that later became shrubland (Fig. 6.1 and 6.8). 
  
The highest transition of active channel was to shrubland (particularly in the period between 
1986 and 2007). This is a systematic transition which takes place due to a regularly changing 
channel pattern (KAADP, 1976; Panagos et al., 2011) and vegetation regeneration (Salo et al., 
1985). Due to population growth and the need for settlement, part of the alluvial deposits in the 
study land units are converted into settlement areas. One of the systematic transitions was from 
alluvial deposits to active channel. These could be among the areas that could easily be taken 
over by the river channel as they are the constructions of the river system in earlier time periods. 
Hence, the overall transitions seem to have a cyclic flow pattern among farmland, active 
channel and bar, alluvial deposit, and shrubland and grassland as shown in red lines in figure 
6.9; the transitions indicated as large (>10%) are persistence in farmland and are not part of the 
cyclic transition. The overall transition also indicates conversions between parafluvial (e.g., 
active channel, bars and alluvial deposits) and orthofluvial (e.g., grassland, shrubland, and 
farmland) landforms.  
  
There are other worth noticing transformations where avoidances are observed in the land units 
in which grassland, active channel and settlement systematically avoid gaining from farmlands. 
This is because farmland is more valuable than the other land units; crop farming is the main 
economic activity in the study area (Belay et al., 2014). Similarly, farmlands systematically 
avoid gaining from alluvial deposits because alluvial deposits are not fertile. The development 
of settlements in the landscape in 1986 on alluvial deposits also imply that farmlands are more 
valuable than the other land units. Hence, we understand that the land unit changes are not 
simply related to a distributary river system but that human intervention (e.g., the conversion 
of bushland and forests into cropland, settlement on alluvium, and avoidance of farmland not 
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to lose for other land units) and natural vegetation regeneration (eg., alluvial deposits into 
shrubland) (Salo et al., 1985) are also important. 
 
 
Figure 6.8 The cyclic transformation of land units over the last five decades in the Raya graben 
floor. The circles are proportional to the size of the land units in the landscape (averaged), 
whereas the thickness of the arrows indicate the magnitude of transition among land units from 
one time period to the next (from Käyhkö and Skånes, 2006). Definition of abbreviations is as 
indicated in table 6.1. Bushland, forest and settlement are excluded because they behave as only 
receiving or feeding land units with one-directional transition. 
6.5 Conclusion 
This study investigated the distribution of land units in a landscape surrounding a river 
distributary system of an ephemeral river. In many studies, focus was denied to the controls of 
river systems to land unit changes in their downstream reaches as most studies emphasize on 
the land unit changes in the headwaters and their impacts on the river systems. This study 
illustrated that there were transitions among various land units during the last five decades. The 
total transitions confirmed that there are decreasing trends of land unit changes in three 
transition periods, namely, 1965-1986, 1986-2007 and 2007-2014. They are systematic because 
they are common processes of changes among the land units. The other transition among the 
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land units are either less systematic or random changes. These changes tell us that the stream 
distributary systems are central in the cyclic land unit changes of their surroundings. The 
cyclicity of the transformation indicate the dynamics of the distributary systems through which 
they interact with various land units in the landscape. 
  
Hence, we learn that the land unit changes are not only related to a distributary river system but 
also that human intervention and natural vegetation regeneration are important. We believe that 
this study gives an insight on how river distributary systems drive land unit changes and their 
implications on land management and development; the role of human interventions on land 
unit changes; and the changes in land unit particularly related to natural succession of 
vegetation.  
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Chapter 7 Summary and conclusions 
7.1 Synopsis 
The main purpose of this research was to investigate the relation between climate variability, 
land cover changes and ephemeral stream morphodynamics in marginal grabens of the 
Ethiopian Rift Valley. The Raya graben was taken as a case study area, the largest marginal 
graben in northern Ethiopia. The study was conducted in different spatial scales. The whole 
escarpment was considered to study the link between climate variability and land cover change 
(chapter 2). In the study on the link between upper catchments and river morphology and bridge 
sedimentation, 16 – 20 catchments were considered (chapter 2 and 4). At smaller spatial extent, 
two catchments were used to investigate the link between peak floods and river 
morphodynamics (chapter 5) and one catchment to investigate the link between river 
distributary systems and land cover change in the graben bottom (chapter 6). The catchments 
studied in chapters 5 and 6 are good representatives because they have the same agro-climatic 
and bio-physical charachteristics with the other catchments in the whole study area. 
 
For the analysis of the climate variability, land cover change and stream morphodynamics, both 
field measurements and remote sensing data were needed. Hence, intensive field observations 
and measurements were made between early 2013 and late 2015. In order to obtain short term 
but spatially representative precipitation records, rain gages were operated in both the 
escarpment and the graben floor of the study area. For land cover type analysis in the headwater 
of the ephemeral rivers (the western escarpment), 500 Ground Control Points (GCPs) were 
collected for nine land cover classes. Satellite-derived Rainfall Estimates (RFEs) obtained from 
NOAA-CPC were calibrated to map rainfall variability between 1996 and 2014. Peak discharge 
measurements for ephemeral rivers were done in the 2013 and 2014 rainy seasons (July to 
September) using crest stage gages installed in Etu and Hara rivers. The changes in the width 
of rivers were measured in 15 monitoring sites along the river channels. Measurements related 
to sediment deposition in channel reaches in the graben bottom were made in 22 river reaches 
in 2015. 
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In addition to the field observations and measurements, ancillary data, such as satellite images, 
aerial photographs and topographical maps were also used.  For land cover analysis along the 
escarpment, Landsat imageries that were captured since 1986 were used. The aerial photographs 
of 1965 and 1986, and SPOT satellite images were used for the analysis of stream 
morphodynamics for the last five decades. The use of topographic maps at a scale of 1:50000 
and Aster DEM at 30 m resolution were also important for delineating the study area. 
7.2 Land cover change in relation to rainfall variability on 
the source areas 
Land cover changes are complex phenomena that are related to various aspects of the 
environment and human activities the interpretation of which remains a very complex issue 
(Reid et al., 2000; Vanacker et al., 2005). As a natural phenomenon, climate variability and its 
control over land cover changes was not well understood, particularly at regional scale (Lambin 
and Geist, 2008; Liu et al., 2008). In this study (chapter 2), the link between climate variability 
and land cover changes was investigated. Landsat imageries of 2000, 2005, 2010 and 2014 were 
used to map land cover in the western escarpment of the Raya graben. The results of the land 
cover analysis show a decline in cultivated land from 40.6% to 35.4% between 2000 and 2014. 
The proportion of woody vegetation which incorporates forest, bushes and Eucalyptus 
plantation remained constant at 53.5% across the escarpment. These changes did not occur 
linearly, however. During each five-year period (between 2000 and 2014), land cover change 
took place over 35% of the western escarpment of the study area.   
 
Due to lack of long to medium term rainfall records in the study area, rainfall variability was 
analysed using the satellite-derived Rainfall Estimates (RFEs) obtained from NOAA-CPC for 
1996, 2000, 2005 and 2014 at relatively higher spatial resolution (8 km). There was a need to 
correct the RFEs using meteorological data as the RFEs underestimate RFEs 1.0 by 13% and 
the RFEs 2.0 by 24%  due to the complex topography of the study area (Dinku et al. 2008; 
Beyene and Meissner 2010; Jacob et al. 2013). The total of the Kiremt (July to September) and 
Belg (March to May) seasons (which accounts for 87% of the total annual rainfall) were 
considered in a linear regression analysis because a stronger correlation was found between the 
RFEs and meteorological data (R2 = 0.72). 
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Based on the improved RFEs, the precipitation parameter Pdiff (i.e. the at-RFE pixel-scale 
difference in five-year average annual precipitation for the two periods preceding the land cover 
maps) was calculated. The rainfall in the five-year period preceding 2005 was higher than in 
the five-year period preceding 2000 (average difference of -184 mm). Hence, the period 2001-
2005 stands out as remarkably dry. In the following consecutive five-year periods preceding 
2010 (+188 mm), and preceding 2014 (+12 mm), the rainfall showed an increasing trend. 
 
Regarding the link between rainfall variability and land cover change, a linear regression 
analysis shows that there was no correlation between 'forest expansion' or 'conversion to 
bushland' and Pdiff at full period between 2000 and 2014.  But, there was a negative correlation 
between precipitation and deforestation which implies that an increase in precipitation 
decreases deforestation deterring the peasants from tree cutting. In periods when precipitation 
is low, the peasants cut trees and tree branches to sustain their living. They cut trees for fuel 
wood (both commercial and household use because during the rainy periods they use crop stalks 
for fuelling purposes) and to feed their animals.  Hence, it can be noted that the impact of 
precipitation is visible in terms of decreasing deforestation and vegetation intensification. There 
was also a positive correlation between precipitation and expansion of farmland. Concomitant 
to this, in the drier period between 2000 and 2005, there was a decrease in farmlands. This 
implies that increase in precipitation enhances farming activities and a decrease in precipitation 
has an inverse effect. It may be because the farmers abandon marginal farmlands during dry 
periods.  
 
The increase in farmlands in the period between 2005 and 2010 is accompanied by a political 
decision to distribute land to the landless youth (Worku et al., 2015). In the next period, though 
precipitation remains constant, a decrease in farmland was observed which in turn is attributable 
to establishment of exclosures in the hillslopes of the study area (Descheemaeker et al., 2008; 
Mekuria et al., 2013; Tesfaalem et al., 2015).  
 
The predictions made on the future land cover in the study area does not show significant 
differences from the current situation. This is mainly attributable to the weak relation between 
woody vegetation cover and precipitation and hence calls for more thorough investigation if it 
should be extrapolated to other areas in the Ethiopian highlands. For example, there may be an 
effect of rainfall thresholds that are not crossed for vegetation cover and agricultural areas to 
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significantly vary in a given period of time. Moreover, variability of population pressure 
(demographic stress) and the degree of influence on land cover needs to be examined. 
7.3 Stream morphodynamics and controlling factors 
In many studies it is stipulated that ephemeral streams in drylands are characterized by flash 
floods that come from catchments with no or sparse vegetation cover (Graf, 1988; Tooth, 
2000a). The study area is a dryland area affected by land degradation related to steep slope and 
denudated (agriculture) upper catchments. However, since the last few decades, intensive 
rehabilitation activities have been promoted and the vegetation cover is improving. This study 
was concerned whether the rehabilitation activities and other physical catchment characteristics 
of the escarpment have significant impacts on the morphodynamics of the ephemeral rivers in 
the Raya graben bottom. Hence, the link between the upper catchment characteristics and the 
length and area occupied by the rivers in the graben bottom was investigated (chapter 3). The 
thick sedimentation under the bridges of the rivers at the foot of the escarpment was also the 
concern of this study as the bridge clogging due to sedimentation is causing flooding hazards 
in the surrounding settlements and farming activities (chapter 4). Similarly, the link between 
peak discharges and river width change were also studied (chapter 5).  
 
In order to investigate the link between upper catchment vegetation cover and the morphology 
of the rivers in the graben bottom, NDVI maps were prepared for the years 1986, 2000, 2005 
and 2010. Other physical characteristics of the upper catchments, namely, catchment area, 
compactness, slope gradient, and extremely degraded areas were defined. The slope gradient in 
the graben bottom was also considered. Results show that upper catchment area is the most 
important controlling factor of the length of and the area occupied by the rivers in the graben 
bottom. The average NDVI on the escarpment was not correlated to the morphodynamics of 
the rivers. This is accountable to the recent stage of rehabilitation, and the low vegetation 
density and ditribution in the study area (Rogers and Schumm, 1991; Nyssen et al., 2010; 
Teafaalem et al., 2015). But the trend of the NDVI and the length of the rivers tend to be inverse 
where it indicates that an increase in vegetation cover reduces the length of the river in the 
graben bottom in the period between 2000 and 2010. In this regard, vegetation cover can be 
considered as a secondary variable to influence river morphodynamics in the graben bottom 
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In recent years, the bridges of the road that crosses the Raya graben bottom along the foot of 
the escarpment experience high sedimentation that triggered the clogging of the bridges. To 
understand what caused the thick sedimentation and the bridge clogging, its  link to bio-climatic 
and hydro-geomorphic characteristics of the source area was investigated. Results show that 
the highest NDVI values were recorded in the headwaters in the time interval from 2000 to 
2014, the decade during which the study bridges experienced excessive sedimentation, a 
sediment thickness of up to 1.6 m under bridges that were built in 2002 In  the escarpments of 
the study area there is an increasing trend of vegetation cover (Frankl et al., 2011) (chapter 2 
and 3) but this could not significantly control the river sedimentation in the graben bottom. 
However, the impact of vegetation cover on hydrology (Descheemaeker et al., 2006) and hence 
sediment production cannot be denied. Though there is no data about channel hydraulic 
geometry changes in the study area, the weak control of vegetation cover could perhaps be 
related to the depositons of colluviums and alluviums at the lower parts of the escarpment (Fig. 
7.1 right photo) that took place before the 1980s, during the time when rehabilitation activities 
were little/none (Tesfaalem et al., 2016). Hence, in recent times the remobilized sediments may 
have been flushed further down to the bridge reaches due to clear water effect (Kondolf, 1997; 
Boix-Fayos et al., 2007) (Fig. 7.1b). But, the residence time and their dynamics, whether there 
is deficit or excess throughout the last few decades is not understood. Hence, this needs to be 
explored further. Similarly, daily rainfall data of three meteorological stations that have 
relatively longer rainfall records were considered to analyze the temporal trends, and return 
time intervals of rainfall intensity in 24 hours. No relationship was found between the rainfall 
trends and the excessive bridge sedimentation.  
 
The relationship between upper catchment conditions (vegetation cover and rainfall) and the 
excessive bridge sedimentation would have been more strong explained and argued if the 
temporal variability of thickness of sediments could be measured. But, due to intermediate 
excavations of sediments to protect the bridges from clogging, it was not possible to correctly 
estimate the volume/depth of sediments that are transported to the bridge reaches. 
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Figure 7.1 Sediment mobilization from the upper part of the escarpment (A); direct sediment 
transport at the middle part of the escarpment (B); deposition of alluviums (C, D) and possible 
recent incisions (C) in the lower parts of the escarpment; bridges that influence distribution of 
sediment deposition in the graben bottom (E); sediment depositions in the distributary system and 
farmland farther from the bridges in the graben bottom (F). Photos by Biadgilgn Demissie - taken 
in July 2014 (A, mount Abohoy, and  B, around Azezsamba in Lasta), and May 2015 (C, escarpment 
foot of Etu river, and F, downstream reach of Harosha river in the graben bottom). 
 
Hence, there was a need to understand the local hydro-morphological conditions near the bridge 
reaches. Streambed gradient and bed material grain size were measured in 20 river reaches. 
Channel gradient and grain size are found to be higher in the bridge reaches than in the nearby 
upstream reaches. The Raya Graben ephemeral streams are very wide, in a few cases as much 
as 300 m, upstream of the road bridges which, by contrast, are very narrow, typically 50% 
narrower than the upstream channel. A simple hydraulic analysis based on the change of 
specific discharge as the river flow approaches the bridges, substantiated by the general river 
equation of Lane (1955), demonstrates that the abrupt change in channel width as the river 
approaches the bridge is the main cause of the thick deposition and, consequently, of the 
increased frequency of overbank floods upstream of the road bridges in the study area. The 
width of a bridge affects the hydraulic performance of the bridge; wider bridges are more 
efficient than narrower ones. It is preferred to keep the ratio of upstream channel width and 
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bridge width (Wc/Wb) below 1 (Hamill, 1999). For example, in the case of the town of Waja, 
instead of moving the town making wider bridges at a lower financial and social cost is 
recommended. 
 
In chapter five, the channel bank erosion capacity of flash floods was investigated in the rainy 
season (July to September) of two years (2013 and 2014)) in two rivers (Etu and Hara). The 
results show that all the peak discharges were equally important in triggering channel bank 
erosion (average of 0.12 ± 0.18 m). A continuous widening throughout the rainy season was 
also observed (average 1.78 m per year). Even though irregular, the widening tends to increase 
downstream until the rivers start bifurcating (e.g., R2 = 0.30, n = 18 in Etu river). Thus, river 
channel widening caused by extreme flood events is slightly higher at distances far from the 
footslope of the escarpments towards the flood plains in the study rivers. This is in line with 
some studies made in dryland ephemeral streams in plains (Dunkerley, 1992; Tooth, 2000b). 
However, it is difficult to compare the results of these studies and the findings presented in this 
study because of difference in research aims, investigation approaches, and catchment 
conditions. Globally, in dryland ephemeral streams, downstream channel dynamics are due to 
infrequent floods, flow transmissions, slope gradient, and sediment transport processes (Tooth, 
2000b; Billi, 2007). The widening in the study rivers is particularly related to the decrease in 
slope gradient and increase in sediment deposition attributed to decrease in stream power before 
they start bifurcating (Billi, 2007). 
  
At decadal level (from 1965 to 2014) analysis was made on the historical changes in river 
channel width in the same rivers. The average total widening for the last 50 years was 45 m in 
Hara river and 8 meters in Etu river. The decadal widening rate peaked in the period between 
1986 and 2005 and declined afterwards. The short term widening rate is greater than the long 
term widening but this may be related to variability in climate (rainfall and hence runoff).  
 
Our observation that vegetation on the banks of a river reduces bank erosion is in line with 
earlier studies confirming that non-vegetated channels are much wider than channels with 
riparian vegetation (Beeson and Doyle, 1995; Smith, 1976; Ikeda and Izumi, 1990; Huang and 
Nanson, 1997). In this study similar results are found; channel banks without riparian vegetation 
being easily eroded by floods as compared to the vegetated ones. Hence, vegetation plays an 
important role in stabilizing stream channels banks, constraining channel migration, and 
causing channels to deepen and narrow (Gram and Paola, 2001; Schumm, 2005). Their degree 
of resistance was investigated in the same monitoring sites used for the channel widths and 
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channel widening of 0.07 ± 0.6 m, n = 28 for river banks with riparian vegetation, 0.41 ± 1.18, 
n = 11 for sand embankments and 2.15 ± 1.46, n = 19 for croplands were found.  A Tukey-
Kramer multiple comparison method shows that riparian vegetation and sand embankments 
have significant differences from croplands in their resistance to bank erosion. But Channel 
width changes for banks with riparian vegetation are skewed towards lower values and for the 
sand embankments are skewed towards higher values which implies that riparian vegetation 
were most important than the other bank resistance measures. Channel bank stabilization and 
channel narrowing (Knighton. 1996; Keesstra et al., 2005; Nyssen et al., 2009) can be realized 
by enhancing riparian vegetation along river banks.Hence, in the study area, in stead of incuring 
costs for immediate and unsustainable measures, such as sand embankments and gabion 
structures, enhancing riparian vegetation could be a low social and financial cost strategic 
measure to ensure reduced impacts of the ephemeral rivers on farming activities and 
settlements. 
 
According to our observation in the field, bank erosion generates considerable volumes of 
sediment in the study rivers. One of the challenges for the farmers is that the rivers import 
sediments and drop on their farmlands, hence, affecting agricultural activities. The sediments 
are found further down in the beds of distributaries. But in this study the volumes of these 
sediments have not been quantified. Hence, the sediment that reaches the distributary systems 
and that invades farmlands needs to be measured and its spatial distribution investigated. 
7.4 River distributary systems and landscape changes in the 
graben bottom 
Most studies related to streams focus on the impacts of environmental changes in headwater 
sources on stream morphology and ecology (Allan, 2004; King et al., 2005; Poff et al., 2006; 
Kang and Marston, 2006). The roles river distributary systems play in their surrounding 
landscape due to their dynamics is important (Lorang and Hauer, 2006) though it seems scarce 
in literature. The assumptions established based on a preliminary analysis were that there are 
cyclic transitions in the landscape of the Raya graben bottom from one land cover to another 
that were primarily attributable to the dynamics of the distributary systems of the ephemeral 
rivers. The objective of chapter six was therefore to analyze the landscape changes in the Raya 
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graben bottom related to river distributary systems dynamics for the last five decades, and 
investigate the cyclicity of transitions in the landscape.  Aerial photographs of 1965 and 1986, 
and SPOT satellite images of 2005 and 2014 were used to map the landscape in and around the 
distributary system of Warsu river, taken as a case study to represent the river distributary 
systems in the whole graben bottom. 
 
The study shows that large farmland areas were transformed into active channel in the period 
between 1965 and 1986; period of river expansion due to high expansion of the distributary 
system of the river. The time between 1986 and 2007 was a period of vegetation succession. 
This implies that there river abandons parts of its active channel to develop to alluvial deposits 
and again to grassland or shrubland. This gives a ground for vegetation to natrally succeed on 
the land abandoned by the river. The highest transition of active channel was to shrubland 
(particularly in the period between 1986 and 2007). This is a systematic transition which takes 
place due to a regularly changing channel pattern  (KAADP, 1976; Panagos et al., 2011) and 
vegetation regeneration (Salo et al., 1985). In the following years of transition between 2007 
and 2014, there was a dominance of transformations of shrubland to grassland and farmland. 
These are directly related to human activities, such as overgrazing, tree cutting for fuel wood 
and farmers reclamation of the land next to the river, hence, a period of  reclamation.  During 
this period there were systematic transitions of shrubland/grassland to farmland. These 
transformations imply that there were cyclic transformations from farmland into active channel 
in earlier periods and then from active channel to alluvial deposits/shrubland/grassland and then 
into farmland in later periods. From the transitions we understand that the changes are not 
simply related to a distributary river system but that human intervention (e.g., the conversion 
of bushland and forests into cropland, settlement on alluvium, and avoidance of loosing 
farmland to other land units) and natural vegetation regeneration (eg., alluvial deposits into 
shrubland) (Salo et al., 1985) are also important. 
 
The study on the role of river distributary system on land unit changes in a graben landscape 
dominated by farmland shows that there is a cyclic transition initiated by rivers and snatching 
land mainly from farmland. Conversely, there is a struggle by nature and the farmers to reverse 
the transition from river systems to other land units (e.g., to grassland/shrubland and farmland). 
However, the impact of the river invasions and land reclamations on farming activities and 
hence the livelihood of the farmers has not been investigated. This issue demands study as it is 
very important for decision makers to deal with agricultural production/productivity and the 
relevant associated interventions. 
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7.5 Future research prospects 
As is indicated in this study, climate variability impacts land cover changes in the western 
escarpments of the Ethiopian Rift Valley (chapter 2). The catchment bio-physical 
characteristics in the escarpment determine the morphodynamics of the ephemeral streams in a 
graben bottom (chapters 3 - 5). The historical variability in ephemeral river behavior (length 
and width) witnessed that there is rapid expansion and increased morphodynamics of the main 
channels and distributary systems of the rivers in the graben floor. Further, the distributary 
systems have considerable implications for landscape changes in the graben bottom where 
farming is the dominant activity (chapter 6). 
  
But, in order to fully understand the behavior of the ephemeral streams in the graben bottom, 
their link with the upper catchments and their environmental and socio-economic implication 
in the graben bottom, further research is important. In the course of this study, for example, 
during field visits, and discussions with colleagues, we have learnt that the following concepts 
are potentially researchable to better understand ephemeral streams in grabens in Ethiopia and 
globally. The prospective researches are categorized as planned (in the ongoing Graben VLIR 
TEAM project) and recommended. The planned ones are those that have been started up  by 
the research group based on partly available data and the recommended researches are those 
that entirely need new data collection. 
 
The planned research prospects include: 
Hydraulic hazards: This study has given some indications of flooding hazards due to bridge 
narrowing and high sedimentation, the destruction of farmlands and settlements by floods.  But, 
to fully understand the degree of hazard and its consequences, an in depth study on hydraulic 
hazard should be carried out. The purpose of this research idea is to investigate the hydraulic 
hazards that would probably happen in Raya graben using long term historical data. This 
research can be made effective using the available long term and short term rainfall data, land 
cover data, and river morphologic data in addition to soil data to be collected. 
 
Geomorphic characteristics: This study has shown the historical morphodynamics of the 
ephemeral streams in the greaben bottom. But the geomorphic characteristics of distributary 
systems in the western section of the study area and active alluvial fans in eastern section of the 
study area were out of the scope of this study. Surprisingly, the western section of the study 
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area (western escarpment) is characterized by having distributary systems, whereas the eastern 
section (eastern escarpment) is characterized by debris cones. Hence, investigating their 
geomorphic characteristics would add to fully understand the stream systems in the study area 
and similar areas worldwide. 
 
The recommended research ideas include: 
 
Rainfall threshold and demographic stress: Despite a semi-natural vegetation cover that is 
more important than on the Ethiopian plateau, the relationship between rainfall variability and 
land cover change on the escarpment was weak and not strongly promising to extrapolate to 
other areas regionally/globally. For example, there may be an effect of rainfall thresholds that 
are not crossed for vegetation cover and agricultural areas to significantly vary in a given period 
of time. Similarly, the effect of variability in demographic stress, such as population density 
and the degree of influence on land cover is not known in the study area. Hence, to get full 
understanding of land cover change in the escarpments and to presumably extrapolate to other 
areas with the same agro-climatic and demographic conditions, further study is recommended. 
 
The trade-off between infiltration and vegetation cover in the upper catchment: In many 
studies (e.g., Vanmaercke et al., 2010; Ma et al., 2012), it is reported that infiltration capacity 
is higher at the beginning of a rainy season due to low soil moisture saturation. On the other 
hand, researches report that high vegetation cover enhances infiltration and thereby reduces 
direct runoff (Descheemaeker et al, 2006; Molina et al., 2007). But the trade-off between 
infiltraion due to soil moisture content and vegetation cover, and the effect on runoff generation 
is not well known. Hence, it would be important to quantify the higher infiltration capacity at 
the beginning of a rainy season and the effect of new borne grasses and herbs towards the end 
of the rainy season, so that the magnitude of runoff generated due to vegetation cover and soil 
moisture conditions can be identified. Related to this, it is recommended to study the spatial 
distribution of vegetation.  Vegetation grows mainly in the lower escarpmetns, but then the 
streams are already organised and pass through the vegetation in which case it becomes difficult 
to see the impact of vegetation on runoff generation. Besides, in the study area (and also in 
other marginal grabens) it would be good to quantify moisture conditions antecedent a rainfall 
generating flood so that the behavior of flash floods and their sediment load can be estimated. 
 
Sediment dynamics: In this research, sediment depositions at bridges were studied and the 
thick accumulations were not mainly related to the bio-physical and hydro-climatic 
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characteristics of the upper catchments in the escarpment. Sediments are deposited at the foot 
of the escarpment as colluvium and/or alluvial deposits which contribute to the high sediment 
depositions downstream. But, the residence time and their dynamics, whether there is deficit or 
excess throughout the last few decades is not understood. Hence, to have full understanding of 
the sediment depositions and their dynamics over time in the marginal grabens, it calls for 
further investigation. 
  
The nexus between channel stabilization and river water use: In the course of this study we 
have observed two contradicting river channel control measures along the river courses. There 
are channel stabilization measures carried out by the farmers to protect their farmland from 
river flooding (Fig. 7.2 right) and contrarily, there are activities to use the water by diversions 
and/or spate irrigation (Fig. 7.2 left). However, the types of measures, their intensity, 
effectiveness, and the attitude of the local people towards these measures in terms of river 
channel stabilization and water resource use are not yet understood.  
  
 
Figure 7.2 Diversions built to use the water in Gobu river (left). The dam and diversion was 
built across the river channel and the river was supposed to flow over it (the middle of the 
photo). But the river left the dam to the left of the photo and changed its flow direction to the 
right where it invaded farmland. Contrarily, the farmers are struggling to stabilize the river 
using local measures, such as tree branches and sorghum straws (right, left half of the photo) to 
protect their farmland from the river invasion. Photo: downstream reaches of Gobu river in the 
graben bottom (May 2015) – by Biadgilgn Demissie 
 
Livelihood: This study has shown the potential implications of rivers and their distributary 
systems, and the impacts they have on farming activities. But, how much they impact the 
farming activities and the crop production (productivity) (Fig. 7.3) needs to be quantified and 
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the implication on the livelihood of the farmers needs to be investigated. Besides, what happens 
related to land reallocation when farmlands are invaded by rivers is not known and needs further 
investigation. 
 
  
Figure 7.3 River invasion where sand and gravels are dropped on farmland. This has an 
implicaton on the productivity of the land. Photo: downstream reaches of Harosha river (May 
2015) – by Biadgilgn Demissie. 
7.6 Recommendations to planners and decision makers 
The need for scientific research to support development decisions is incontestable. Rivers are 
the most important components of the environment (Graf, 1988; Knighton, 1998) which 
demand due attention in development decisions and interventions. They are integral parts in the 
complex and intermingled nature of the environment where they take control over water 
availability, soil development, settlement, farming activities, fauna and flora, transportation, 
recreation, and urban and rural life sustenance. Understanding rivers means understanding the 
environment. In drylands, ephemeral rivers are characterized by sparsely vegetated headwaters 
and flash floods with high sediment loads (Graf, 1988; Tooth, 2000a), and high possibility of 
exacerbating flood hazards in their downstream reaches. 
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As is shown in this study, the Raya ephemeral streams have been continuously increasing in 
size over the last five decades (length and width) understood in terms of widening and increase 
in their distributary systems. Though the recently introduced vegetation rehabilitation activities 
along the escarpment did not show significant influence over the morphodynamics of the rivers, 
there is a trend that vegetation cover affects river morphology. The study has also shown that 
channel banks with riparian vegetation are more resistant than other artificial measures. As a 
result of sediment transportation from the steep escarpments and river bank erosion, thick 
sedimentation around the bridges that cross the graben bottom at the foot of the escarpment are 
conspicuous problems since the last few decades. These sedimentations at bridge reaches are 
also primarily due to the local hydro-geomorphic processes attributable to the narrow bridge 
spans. 
 
Hence, in actions to be taken in lowland river systems, the following considerations are 
suggested: 
o Catchment rehabilitation activities increase the vegetation cover which, in turn, reduces 
runoff and sediment load that comes to the graben bottom. As this research shows 
(chapter 4), there was a decrease in vegetation cover in 2010 in the escarpments which 
was accountable to tree cutting and expansion of farmlands. In order to sustain the 
rehabilitation activities and their consequent impacts on runoff generation and sediment 
production, sustainability of the rehabilitation activities (among which avoidance of 
Eucalyptus plantation in hill slopes to enhance grass, herbs and shrub growth) should 
be implemented. This would reduce the potential flooding hazards, invasive effects of 
the rivers and filling of farmland with sediments in the graben bottom. Moreover, this 
will enhance channel stability which reduces the dyanmics of the distributary system of 
the rivers and reduce the counter act of the farmers to save and reclaim their land from 
the rivers. Similarly, there are totally cropped upper parts of the western escarpment, 
particularly in the south western part of the study area (assumed to be sources of high 
sediment supplies in the graben bottom). Though it may be administratively 
complicated, we suggest to abandon the cropping in these parts and improve the farming 
system in the lower parts. The implementation is suggested to be at catchment level so 
that effects can be achieved at indiviual river. But the operation is recommended to be 
at regional level (the whole graben) as some of the rivers are interconnected in the 
graben bottom. 
o The rehabilitation activities should also be implemented along the river banks with in 
off-bank distance of 10 m in the graben bottom. The development of riparian vegetation 
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along the river banks reduces bank erosion more than other measures. This measure is 
effective in terms of its financial, social and environmental costs. This will limit the 
widening and expansion of the rivers and its adverse implication mainly on agricultural 
activities. The implementation is recommended to be at regional (the whole graben) 
level so the the integrated impact of the rivers (as some of the rivers are interconnected 
in the graben bottom) in the graben bottom can be reduced. 
o One of the main threats in the study area is related to high and frequent sedimentation 
and the consequent clogging of bridges (chapter 4) which, in recent years, led to the 
need of sediment excavation under the bridges at high cost. As this sedimentation and 
the bridge clogging is mainly due to the narrow span of the bridges compared to the 
upstream reaches, it is recommended to make bridges at least as wide as the upstream 
channel reaches. 
o It is also recommended to keep the natural processes of the rivers than artificially modify 
them. In the study area, there are various measures, such as gabion structures 
implemented to narrow the river channels and protect villages (towns) and farmlands 
from flooding hazards in upstream reaches near the foot of the escarpment. However, 
the narrowing at this position of the rivers are causing serious damages to villages and 
farmland in downstream reaches on top of their failure in upstream reaches. In this 
regard, the best measure would be to leave the rivers wider in their upstream reaches to 
reduce their power and the damage to the more productive farmlands and villages 
downstream.  
7.7 References 
Allan JD. 2004.  Landscapes and riverscapes: The Influence of Land Use on Stream 
Ecosystems. Annu. Rev. Ecol. Evol. Syst. 35:257-84. 
Beeson CE, Doyle PF. 1995. Comparison of bank erosion at vegetated and non-vegetated 
channel bends. Water Resour. Bull. 31: 983 – 990. 
Beyene EG, Meissner B. 2010. Spatio-temporal Analyses of Correlation between NOAA 
Satellite RFE and Weather Stations' Rainfall Record in Ethiopia. Int J Appl Earth Obs 
12:69-75.  DOI: 10.1016/j.jag.2009.09.006. 
 212 
Descheemaeker  K, Nyssen  J, Poesen  J, Raes D, Mitiku H, Muys  B, Deckers  S. 2006. Runoff 
on slopes with restoring vegetation: A case study from the Tigray highlands, Ethiopia. 
Journal of Hydrology 331: 219 - 241. 
Dinku T, Chidzambwa S, Ceccato P, Connor SJ, Ropelewski CF. 2008. Validation of High-
resolution Satellite Rainfall Products over Complex Topography. Int J Remote Sens 
29(14):4097-4110.  DOI: 10.1080/01431160701772526. 
Dunkerley DL. 1992. Channel geometry, bed material and inferred flow conditions in 
ephemeral stream systems, Barrier Range, western N.S.W. Australia. Hydrol. Process. 
6: 417 - 433. 
Graf W L. 1988. Fluvial processes in dryland rivers. The Blackburn Press, Caldwell, New 
Jersey. 
Gram K, Paola C. 2001. Riparian vegetation controls on braided stream dynamics. Water 
Resour.Res. 37: 3275 – 3284. 
Frankl A, Nyssen J, De Dapper M, Mitiku H, Billi P, Munro RN, Deckers J, Poesen J. 2011. 
Linking long-term gully and river channel dynamics to environmental change using 
repeat photography (Northern Ethiopia). Geomorphology 129: 238 – 251. 
Hamill L. 1999. Bridge hydraulics. E & FN SPON, London. 
Huang HQ, Nanson GC. 1997. Vegetation and channel variation: A case study of four small 
streams in southeastern Australia. Geomorphology 18: 237 – 249. 
Ikeda S, Izumi N. 1990. Width and depth of self-formed straight gravel-bed rivers with bank 
vegetation. Water Resour. Res. 26:2353 – 2364. 
Jacob M, Frankl A, Haile M, Zwertvaegher A, Nyssen J. 2013. Assessing Spatio-temporal 
Rainfall Variability in a Tropical Mountain Area (Ethiopia) Using NOAA's Rainfall 
Estimates. Int J Remote Sens 34(23):8305-8321.  DOI: 
10.1080/01431161.2013.837230. 
KAADP. 1976. Kobo Alamata Agricultural Development Project. Soil map. Map 14. German 
Agency for Technical Cooperation, Ltd. German Consult, Executing Partners, Essen, 
Germany. 
Kang RS, Marston RA. 2006. Geomorphic effects of rural-to-urban land use conversion on 
three streams in the Central Redbed Plains of Oklahoma. Geomorphology 79: 488 - 506. 
King RS, Baker ME, Whigham DF, Weller DE, Jordan TE, Kazyak PF, Hurd MK. 2005. Spatial 
considerations for linking watershed land cover to ecological indicators in streams. 
Ecological Applications 15 (1): 137 - 153. 
Knighton AD. 1998. Fluvial Forms and Processes. Arnold Publishers, London. 
  213 
Lambin EF, Geist HJ. 2008. Land-use and Land-cover Change: Local Processes and Global 
Impacts. Berlin Heidelberg: Springer-Verlag. 
Lane EW. 1955. The importance of fluvial morphology in hydraulic engineering, Proceedings 
of the American Society of Civil Engineers 81: 1-17. 
Liu Q, Yang Z, Cui B. 2008. Spatial and Temporal Variability of Annual Precipitation During 
1961–2006 in Yellow River Basin, China. Journal of Hydrology, 361(3):330-338. 
DOI:10.1016/j.jhydrol.2008.08.002. 
Lorang MS, Hauer FR. 2006. Fluvial geomorphic processes: In Hauer FR, and Lamberti GA 
(editors). Methods in Stream Ecology, 2nd Edition. Elsevier, Amsterdam. 
Ma Y, Huang HQ, Nanson GC, Li Y, Yao W. 2012. Channel adjustments in response to the 
operation of large dams: The upper reach of the lower Yellow River. Geomorphology 
147–148: 35 - 48. DOI:10.1016/j.geomorph.2011.07.032. 
Mekuria W. 2013. Conversion of Communal Grazing Lands into Exclosures Restored Soil 
Properties in the Semi-arid Lowlands of Northern Ethiopia. Arid Land Research and 
Management, 27(2):153-166.  DOI:10.1080/15324982.2012.721858. 
Molina A, Govers G, Vanacker V, Poesen J, Zeelmaekers E, Cisneros F. 2007. Runoff 
generation in a degraded Andean ecosystem: Interaction of vegetation cover and land 
use. Catena 71: 357 – 370. DOI:10.1016/j.catena.2007.04.002. 
Panagos P, Jones A, Bosco C, Senthil KPS. 2011. European digital archive on soil maps 
(EuDASM): Preserving important soil data for public free access. International Journal 
of Digital Earth 4 (5): 434 - 443. 
Poff NL, Bledsoe BP, Cuhaciyan CO. 2006. Hydrologic variation with land use across the 
contiguous United States: Geomorphic and ecological consequences for stream 
ecosystems. Geomorphology  79 (3 - 4): 264 - 285. 
Rogers RD, Schumm SA. 1991. The effect of sparse vegetative cover on erosion and sediment 
yield.  Hydrology 123 (1 - 2): 19 – 24. DOI: 10.1016/0022-1694(91)90065-P. 
Salo J, Kalliola R, Hakkinen H, Makinen Y, Niemela P, Puhakka M, Coley PD. 1986. River 
dynamics and the diversity of Amazon lowland forest. Nature 322: 254 - 258. 
Schumm SA. 2005. River Variability and Complexity. Cambridge University Press, 
Cambridge, UK. 
Smith J A, Lin T L, Ranson K J. 1980. The Lambertian Assumption and Landsat Data. 
Photogrammetric Engineering and Remote Sensing 46 (9): 1183-1189. 
Tooth S. 2000a. Process, form and change in dryland rivers: a review of recent research. Earth-
Science Reviews 51: 67 – 107. 
 214 
Tooth S. 2000b. Downstream changes in dryland river channels: the Northern Plains of arid 
central Australia Stephen Tooth. Geomorphology 34: 33 - 54. 
Vanmaercke M, Amanuel Z, Poesen J, Nyssen J, Verstraeten G, Deckers G. 2010. Sediment 
dynamics and the role of flash floods in sediment export from medium-sized 
catchments: a case study from the semi-arid tropical highlands in northern Ethiopia. J 
Soils Sediments 10: 611–627. DOI: 10.1007/s11368-010-0203-9. 
Vanmaercke M, Zenebe A, Poesen J, Nyssen J, Verstraeten G, Deckers J. 2010. Sediment 
dynamics and the role of flash floods in sediment export from medium-sized 
catchments: a case study from the semi-arid tropical highlands in northern Ethiopia. 
Journals of Soils and Sediments 10: 611 - 627. 
Worku A, Adugna B, Wubeshet H, Sisay S, Mebrahtu T, Gebreegziabher T, Hailu Z. 2015. GIZ 
Ethiopia -Lessons and Experiences in Sustainable Land Management. Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH, Bonn and Eschborn 
(Germany) and Addis Ababa (Ethiopia). 
  
  215 
Appendices 
Appendix A1: Remote sensing data 
Table A1-1: Satellite images and aerial photographs used in the study 
SPOT-CNS images 
resolution (m) date    
2.5 26-10-2005    
2.5 27-10-2007    
2.5 14-10-2014    
Landsat images 
sensor path row resolution (m) date 
TM 168 51/52 30 05-01-1986 
ETM+ 168 51/52 30 05-12-2000 
ETM+ 168 51/52 30 03-12-2005 
TM 168 51/52 30 07-11-2010 
OLI 168 51/52 30 20-12-2014 
Aerial photographs  
SN scale date flight height (m) focal length (mm) 
R185, 18475 1:50000 
24-10-
1965 7600 151.88 
S12-02, 85 1:50000 
13-11-
1986 7600 152.82 
 
Appendix A2: Spectral separability of land cover classification for Landsat 
images:Transformed Divergence (TD) values for all pair wise land cover class combinations: 
a) 2000 - Landsat ETM+, b) 2005 - Landsat ETM+, c) 2010 - Landsat TM, d) 2014 - Landsat 
OLI. The following land cover classes are incorporated: (1) modern village or urbanised area, 
(2) farmland (rainfed, one crop cycle), (3) farmland (rainfed, two crop cycles), (4) forest, (5) 
bushland, (6) grassland, (7) Eucalyptus plantation, (8) bare ground, (9) wetland.  
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a) 1 2 3 4 5 6 7 8 9 
1 - - - - - - - - - 
2 1937.03 - - - - - - - - 
3 2000.00 1999.29 - - - - - - - 
4 2000.00 2000.00 2000.00 - - - - - - 
5 1999.92 1999.60 2000.00 1999.59 - - - - - 
6 2000.00 1999.45 2000.00 2000.00 1919.85 - - - - 
7 2000.00 2000.00 2000.00 1487.74 1999.94 2000.00 - - - 
8 1970.05 1974.36 1999.86 2000.00 2000.00 2000.00 2000.00 - - 
9 2000.00 2000.00 2000.00 2000.00 1854.32 1963.28 2000.00 2000.00 - 
  Total separability over all pair wise combinations of land cover signatures: 1975.79 
 
b) 1 2 3 4 5 6 7 8 9 
1 - - - - - - - - - 
2 1625.20 - - - - - - - - 
3 1874.51 1924.69 - - - - - - - 
4 2000.00 2000.00 2000.00 - - - - - - 
5 1998.76 1999.70 2000.00 1995.50 - - - - - 
6 2000.00 1999.96 2000.00 2000.00 1871.17 - - - - 
7 2000.00 2000.00 2000.00 1476.25 1668.71 1999.95 - - - 
8 1753.90 1641.09 1576.29 2000.00 2000.00 2000.00 2000.00 - - 
9 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 - 
  Total separability over all pair wise combinations of land cover signatures: 1927.94 
 
c) 1 2 3 4 5 6 7 8 9 
1 - - - - - - - - - 
2 1421.64 - - - - - - - - 
3 1729.61 1772.43 - - - - - - - 
4 2000.00 2000.00 1997.65 - - - - - - 
5 1955.76 1631.45 1998.66 1995.24 - - - - - 
6 1998.99 1866.01 1996.65 1999.84 1495.86 - - - - 
7 1999.87 1984.77 1997.73 1578.31 1699.95 1863.50 - - - 
8 1750.56 1689.96 1921.23 2000.00 2000.00 2000.00 2000.00 - - 
9 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 2000.00 - 
  Total separability over all pair wise combinations of land cover signatures: 1901.05 
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d) 1 2 3 4 5 6 7 8 9 
1 - - - - - - - - - 
2 1888.31 - - - - - - - - 
3 2000.00 1999.57 - - - - - - - 
4 2000.00 2000.00 2000.00 - - - - - - 
5 1985.70 1992.10 2000.00 1981.16 - - - - - 
6 1999.99 2000.00 2000.00 1999.93 1654.20 - - - - 
7 1999.98 2000.00 2000.00 1915.12 1656.72 1963.64 - - - 
8 1799.25 1790.83 1999.97 2000.00 1958.26 2000.00 2000.00 - - 
9 2000.00 2000.00 2000.00 1999.78 1988.05 1998.07 1999.04 2000.00 - 
  Total separability over all pair wise combinations of land cover signatures: 1968.21 
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Appendix A3: Land cover change maps 
 
Figure A3-1: Land cover change maps for the periods 2000-2005 and 2005-2010. 
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Figure A3-2: Land cover change map for the period 2010-2014. 
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Appendix B: Rainfall data from meteorological stations 
Table B1: Availability of the meteorological data from the different meteorological stations 
through time (UGent meteorological stations, NMA of Ethiopia or (*) or both (**)). For the 
location of the meteorological stations refer figure 2.1 
Location 19
96
 
19
97
 
19
98
 
19
99
 
20
00
 
20
01
 
20
02
 
20
03
 
20
04
 
20
05
 
20
06
 
20
07
 
20
08
 
20
09
 
20
10
 
20
11
 
20
12
 
20
13
 
20
14
 
Maychew (*)                                       
                               Korem (*)                                       
                               Waja (*)                                       
                               Kobo (**)                                    
                               Alamata (**)                                       
                               Robit                                       
                               Mehoni                                       
                               Tekulesh                                       
                               Hashenge                                        
                               Adi Hadush                                       
                               Werabaye                                       
                               Addis Kign                                       
                               Kubikerensa                                       
                               Wemberet                                       
                               Tsilia                                       
                               Delesa                                       
                               Kelesa                                       
                               Gereb Hara                                       
                               Lib Amba                                       
                               Meshena                                       
                               Dilb                                       
                               Bolago                                       
                               Godagudi                                       
                                                              = Without missing data (all monthly rainfall data is available) 
 
  = With missing data (not all monthly rainfall data is available) 
 
  = No data 
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Appendix C: NDVI maps 
 
Figure C-1: NDVI map of the study area in the escarpment 
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Figure C-2: NDVI change map of the study area in the escarpment 
  
  223 
  
 224 
 
 
